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Abstract
The blood clotting process is one of the human body's masterpieces in targeted molec-
ular manipulation, as it requires the activation of the clotting cascade at a specific
place and a specific time. Recent research in the biological sciences have discov-
ered that one of the protein molecules involved in the initial stages of the clotting
response, von Willebrand Factor (vWF), exhibits counterintuitive and technologi-
cally useful properties that are driven in part by the physical environment in the
bloodstream at the site of a wound. In this thesis, we take inspiration from initial ob-
servations of the vWF in experiments, and aim to describe the behaviors observed in
this process within the context of polymer physics. By understanding these physical
principles, we hope to harness nature's ability to both direct molecules in both spa-
tial and conformational coordinates. This thesis is presented in three complementary
sections.
After an initial introduction describing the systems of interest, we first describe the
behavior of collapsed Lennard-Jones polymers in the presence of an infinite medium.
It has been shown that simple bead-spring homopolymer models describe vWF quite
well in vitro. We build upon this previous work to first describe the behavior of a col-
lapsed homopolymer in an elongational fluid flow. Through a nucleation-protrusion
mechanism, scaling relationships can be developed to provide a clear picture of a first-
order globule-stretch transition and its ramifications in dilute-solution rheology. The
implications of this behavior and its relation to the current literature provides qual-
itative explanations for the physiological process of vasoconstriction. In an effort to
generalize these observations, we present an entire theory on the behavior of polymer
globules under influence of any local fluid flow. Finally, we investigate the internal
dynamics of these globules by probing their pulling response in an analogous fash-
ion to force spectroscopy. We elucidate the presence of both a solid-liquid dynamic
globule transition and a contour-based description of internal globule friction.
It is possible to incrementally add levels of details to these Lennard-Jones polymer
models to more accurately represent biological molecules. In the second section of this
thesis, we investigate the consequences of incorporating a Bell-model behavior into
single homopolymer interactions to describe a "self-associating" polymer. We first
demonstrate how this model is, in equilibrium, essentially the same as a Lennard-
3
Jones polymer, however we demonstrate that the polymer dynamics are indeed both
drastically different and tunable. This has ramifications under the presence of dy-
namic loads, and we investigate single-molecule response to both shear and pulling
stimuli. In the former, we find novel and tunable giant non-monotonic stretching
responses. In the latter, we use our observations to develop a complete and general
theory of pulling these types of molecules that has ramifications in both the study
of biological polymers and in the design of soft materials with tunable mechanical
response.
The final section introduces concepts related to the behavior of collapsed poly-
mers in fluid flows near surfaces. During the blood clotting process, vWF undergoes a
counterintuitive adsorption process and here we begin to develop the physical funda-
mentals required to understand this process. After a brief introduction to the relevant
hydrodynamic treatment we use in simulations, we first describe the presence of a hy-
drodynamic lift force and the formalism we use as we include it in the context of
our theory. We reveal the presence of a non-monotonic lift force, and subsequently
utilize this theoretical formalism to describe the adsorption and desorption behavior
of a collapsed polymer globule near an attractive surface. We investigate the limit
of large flows and highly attractive surfaces by providing a description of the confor-
mational and hydrodynamic behavior of a polymer tethered at a surface. We finally
discuss the behaviors of a polymer that associates with a surface, and postulate the
importance of such processes in vWF function.
We finally include an addendum that describes an unrelated project that investi-
gates the possibilities of using superparamagnetic beads as a tool for hydrodynamic
propulsion by assembling these beads into "rotors" near a surface to create microwalk-
ers that have interesting applications in self-assembled microfluidic chips.
Thesis Supervisor: Alfredo Alexander-Katz
Title: Assistant Professor
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as a function of the elongation/shear rate /y for simulations using two
different interaction energies Au and a dimer size of ca. 50 nm (see
text for discussion). The average force per monomer F mapped as
a function of elongation versus shear rates ( u = 1.5kT). This force
quickly increases into the biologically relevant regime as elongational
flow is applied, while application of shear flow demonstrates a much
more broad transition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5-1 Schematic demonstrating the nucleation-protrusion stretching mecha-
nism. There is a harmonic increase in energy upon stretching a protru-
sion of length I from the surface of a globule. There is increasing drag
force on a protrusion as the 1 increases due to the increase in fluid flow
away from the globule. Once the protrusion is above a critical length,
this drag force overcomes the cohesive force and stretching occurs. The
green diagrams demonstrate the polymer conformation at that given
point along l. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5-2 A schematic of the variables defined in the derivation of the conditions
for the tumbling to non-tumbling transition. A chain of N beads with
a radius that is elongated will equilibrate at an angle 0 0 that is defined
as the angle where the angular component of the velocity field vo = 0.
There is also some angle E, where the radial component of the velocity
field v, = 0. These are separated by an angle A8. If AE is small such
that thermal fluctuations can cause the chain to cross into the regime
where v,. < 0, then tumbling behavior will occur. . . . . . . . . . . . . 139
5-3 The tensile-force contour plots within e-i space for 6 0 = 0. The dark
line corresponds to equation 5.47. There is good agreement between
these values and the apparent globule-stretch transitions. Dotted lines
correspond to the relaxation transition, which at high values of - is
due to tumbling behavior and at low values of ' is due to entropic
relaxation. The tumbling behavior follows the scaling derived in equa-
tion 5.49, while the black dots represent simulation data. See Figure 5-5
for more data on these transitions. N = 50 and Af6 = 1.5. . . . . . . . . 143
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5-4 The critical elongational rate i*r (solid symbols) and critical shear rate
7*r (open symbols) as a function of the interaction energy A. We
plot the results given in the literature for both i*r and -*r using the
same simulation methods used in this paper (red symbols). [13, 16] We
include in this plot the critical flow rates for mixed flows in the limit
of zero shear flow (solid, black symbols) and zero elongational flow
(open, black symbols) determined in the simulations for this paper.
As expected, these results correspond directly to the data presented
in the existing literature, and also follow the scaling behavior derived
in each case (A6 m*r for both elongation and shear flows in the
high-Au regime, and A6 ~*r in the low-A6 regime). [13, 16] . . . . . 145
5-5 (a) The tumbling-extension transition as a function of the (N = 50)-
normalized elongation rate irN/50 versus the shear rate i for 6 0 = 0.
The fit line represents the predicted scaling of '* ~ j*3/2 from equa-
tion 5.49, and the simulation data closely follows this trend regardless
of the interaction energy A6. The normalization of N/50 is also pre-
dicted by equation 5.49. Solid symbols denote values that are above
A* and e*, and represent a reversible transition. The open symbols
denote values that are below '* and e*. (b) The relaxation transition
for 6 0 = w/6 and w/3 mapped on a e- plot for N = 50. The relax-
ation at low values of - are governed by the entropic relaxation time,
i,7 ~ 0.045, which is governed by the equation 5.78. At high values of
-, the relaxation is governed by the tumbling-extension transition. The
fit line for this section represents the scaling predicted by equation 5.95
which is ~ *2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
5-6 The tensile-force contour plots within e-- space for 6 0 = r/2 (a), r/4
(b), ir/6 (c), and v/3 (d). Dark lines correspond to equations 5.64, 5.76,
and 5.100 for their respective values of 6 0. There is good agreement
between these values and the apparent globule-stretch transitions. Dot-
ted lines correspond to the relaxation transitions, which at high values
of ' are due to tumbling behavior and at low values of y are due to
entropic relaxation. The fit lines represent the scaling seen in equa-
tions 5.67, 5.77, 5.86, and 5.95, while the black dots represent simula-
tion data. See Figure 5-5 for more data on these transitions. All plots
are for N = 50 and As = 1.5. . . . . . . . . . . . . . . . . . . . . . . . . . 154
5-7 The hysteresis present in the stretching and collapsing behavior of a
polymer chain with high Afi(= 1.5) self-interactions (red). Filled sym-
bols represent increasing eT and open symbols represent decreasing er.
This is compared to the behavior of a chain extending at e-conditions
(black, 6i = 0.41). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
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6-1 The diffusion of a globule relative to the stretched polymer linker is
simulated. The globule mobility, the number of monomers NG inside
the globule, the diameter of the globule 1G, and the fluctuations of
the linkers (i.e. the stretched part of the chain that is not part of
the globule) depend on the cohesive strength u, eq. 6.7. Snapshots
at different times for ii = 0.8 (left) and 2.09 (right) are shown. To
prevent motion of the linker chain section and thereby obtain directly
the globule diffusivity relative to the chain, the monomer it, in the
middle of the linker chain (indicated by the arrow) is trapped by a
harmonic potential, eq. 6.8. Periodic boundary conditions for a box of
length L using the minimum image convention are employed to model
an infinite polymer. The color coding indicates the running monomer
index along the chain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6-2 The density profile of the globule depends on the cohesive strength fi.
The globule is defined as the region where the monomer density is
p > 5/a (indicated by the horizontal line). . . . . . . . . . . . . . . . . . 171
6-3 6-3a The number of monomers NG inside the globule increases weakly
with the interaction strength u until it finally levels off. The limiting
values N are depicted by horizontal broken lines and are determined
by eq. 6.9, describing a spherical globule and tightly stretched link-
ers. Error bars denote the standard deviations of the distributions.
6-3b Probability distribution of the number of monomers NG inside
the globule for chain length N = 200 and different cohesive strengths
ii = 0.8, 1, 1.5, 2.81. For small u considerable size fluctuations are ob-
served, which decrease upon increasing u. Further, increasing u raises
the mean NG up to the limiting value N& given by eq. 6.9 (broken
vertical line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
6-4 Trajectories of the x-coordinate of the center of the globule, r.G)
defined in eq. 6.11, for N = 200 and various interaction strengths
i = 17 1.25, 2.5, 2.81. The smaller the attractive interaction between
the monomers, the more mobile the globule is. If u is large, the globule
is frozen in a single conformation and does not move at all. . . . . . . 174
6-5 The mean squared displacement (MSD) of the center of the globule for
N = 200 and ft = 1, 1.75, 2.5, 2.81 is calculated from the trajectories,
fig. 6-4, using eq. 6.12. Symbols denote the measured MSD from our
simulations, lines the corresponding linear fits for MSD(t) > 10. For
ii < is with as ~ 2.3 for N = 200, the globule exhibits normal diffusion
and the diffusivity DG decreases as u increases. For ii = 2.5, normal
diffusive behavior is obtained, whereas for ft = 2.81 the diffusion time
scale is of the order of the simulation time and normal diffusive behavior
is barely reached. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
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6-6 6-6a Diffusion constant DG of the globule (open symbols) as obtained
from linear fits to the MSD curves, fig. 6-5. DG decreases with increas-
ing N and u. At u = us, with us depending on N, a transition of the
internal dynamics occurs and the diffusion constant drops to zero. DG
is compared to the ideal Rouse diffusion constant Do (solid symbols)
of a globule with NG monomers, eqs. 6.13 and 6.14, which can move
freely and independent of the linkers. (b) Rescaling the actual diffu-
sion constant by the ideal diffusion constant, Dc/Do, removes the N
dependence to a large extent in the liquid regime. . . . . . . . . . . . 177
6-7 Illustration of the concept and calculation of the reduced number of
monomers NG in the globule. For a displacement of the globule by a
distance x only a reduced number of monomers have to move along,
here NG = 14 (shown in orange). In order to obtain N , the linker
is continued through the globule and the monomers belonging to this
internal linker are subtracted from NG yielding N, see eq. 6.14. . . . 178
6-8 Illustration of the two different pulling protocols. Rx denotes the po-
sitions of the two traps that positionally constrain the chain ends. 6-
8a Preparation of the annealed structures. After a long equilibrium run
with ii = 0.8 and R, = 0.1 (broken line), the globule is equilibrated at
the cohesive strength at which the pulling curve is recorded (horizontal
solid line). The subsequent pulling cycle is depicted by the thick gray
line. 6-8b Preparation of the un-annealed structures. The traps are
moved from complete extension, Rx = a(N -1), to R2 = 0.03aN, which
ensures that one single globule forms. Without pausing, the pulling
cycle starts and force extension curves are recorded and analyzed in
the interval 0.1 < R2/(aN) < 1 (thick gray line). . . . . . . . . . . . . . 180
6-9 Typical initial configurations in the annealed (top) and un-annealed
simulations (bottom) for ii = 2.91 and , = 0.001. For the large u shown
here, the collapsed un-annealed structures show some residual ordering.
The color coding indicates the monomer index along the chain contour. 180
6-10 Force extension curves for constant velocity ii = 0.001, various cohesive
strengths and N = 300 using annealed initial configurations. All curves
are averages over twenty pulling cycles. Above the globule transition,
ii > u. N 0.5, a force plateau followed by a dip in the force extension
curve is observed. The broken line depicts the theoretically expected
force extension trace of an extensible freely jointed chain for ii = 0,
eq. 6.17. For ii = 2.5 the pulling curve exhibits a marked maximum at
small extensions, which indicates frozen internal dynamics. . . . . . . 182
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6-11 Pulling curves for N = 300 and f) = 0.001 with (a-c) un-annealed and
(d-f) annealed structures as initial configurations. The thin lines are
individual force extension traces, whereas the thick black line is the
average over twenty pulling curves. The un-annealed structures exhibit
rather smooth pulling curves and no drastic differences between the
various cohesive strengths u is observed. In contrast, the annealed
structures feature marked fluctuations above a certain threshold ii ;
2.1 for N = 300, which diminish for large extension, i.e. when the
globule sizes decrease. We attribute these fluctuations to a liquid-
solid transition, which dramatically changes the internal dynamics (see
text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
6-12 Averaged force extension curves in the vicinity of the liquid-solid tran-
sition are shown as a function of the number of monomers inside the
globule, NG, eq. 6.9, for the annealed set of initial configurations. Once
NG is below a certain threshold (; 100 for f6 = 2.91, ~ 140 for ii = 2.5)
the globule is driven into the liquid state, and force curves for different
N and equal ii collapse. The dependence of the liquid-solid transition
on NG is discussed in detail in ref. [42]. . . . . . . . . . . . . . . . . . . 185
6-13 Averaged pulling curves for various pulling velocities with N = 300, i! =
2.08, and annealed initial configurations. The friction force increases
with increasing pulling velocity. The curves with the slowest pulling
velocities f) = 0.001, 0.0045 almost coincide, indicating that with these
slow velocities one has approximately reached the equilibrium pulling
limit. The dotted curve is one individual pulling curve for ij = 0.045.
The inset illustrates the definition of the dissipated work, eq. 6.18,
which is the shaded area between the two curves. . . . . . . . . . . . . 186
6-14 Dissipated work per monomer AW/N as a function of the pulling ve-
locity v for N = 300 and different cohesive strengths u starting from
the (a) annealed and the (b) un-annealed set of initial configurations.
Symbols depict simulation data, lines show linear fits to the data ac-
cording to eq. 6.24. Below the globule transition, ii < I ;u 0.5, the
curves collapse, i.e. interaction contributions to friction are negligible.
Below the liquid-solid transition, ii < us a 2.1 for N = 300, the data
is linear in v in the whole range of velocities studied, indicating that
friction is of viscous nature. Above the liquid-solid transition the linear
scaling breaks down. AW is slightly lower for the simulations start-
ing from the un-annealed set of initial configurations showing that the
globule is not completely equilibrated and still rather ordered. . . . . 188
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6-15 Dissipated work per monomer rescaled by the pulling velocity, AW/(Nv),
as a function of the pulling velocity v for N = 300 and different cohesive
strengths u starting from the 6-15a annealed and the 6-15b un-annealed
set of initial configurations. Symbols denote simulation results, lines
depict l' as obtained from linear fits according to eq. 6.24 in fig. 6-14.
For u < us, our simulations are carried out in the linear viscous regime
and there is no v dependence after rescaling. Above the liquid-solid
transition the linear scaling in v breaks down. For ii = 0 and 2.08, error
bars indicate the standard deviations of the twenty measurements of
A W (v,u). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
6-16 The standard deviation per monomer aAwIN of the dissipated work,
as obtained from twenty pulling cycles. For u < us, oAwIN is in-
dependent of the chain length N and small. The fluctuations of the
dissipated work increase significantly when u > us, where us decreases
for increasing N, see Table 6.1. The data is obtained from simulations
with i = 0.001 and annealed initial configurations. . . . . . . . . . . . 189
6-17 Rescaled dissipated work per monomer AW/(N 2v) as a function of
the pulling velocity v for different N and cohesive strengths u starting
from the annealed set of initial configurations. Curves with equal u
and different N collapse for u < us. This shows that the dissipated
work per monomer is an extensive function and AW ~ N 2v. Again,
this scaling behavior breaks down above the liquid-solid transition. . . 191
6-18 Rescaled internal viscosity qG(u)/G(0), eq. 6.25, as a function of the
cohesive strength u for 6-18a, 6-18c annealed 6-18b, 6-18d un-annealed
initial configurations. The viscosity G(U) is obtained from linear fits to
the dissipated work as a function of the velocity v. As the data points
for different N coincide, all f(u, N) exhibit the same N dependence.
The solid line is the prediction of the excess viscosity of a Brownian
particle in a sinusoidal potential, see eq. eq.refeq:28. In 6-18a, 6-18c the
viscosity ratio as obtained from our equilibrium simulations, see fig. 6-
6b, 7(u)/IG(0) = DoIDG(U) is shown in addition. . . . . . . . . . . . . 193
7-1 Plots of time correlation functions F(t) (a) and G(i) (b) for a variety
of N values at F = 2.08 are shown. There is a distinct change in the
correlation dynamics as N is increased above N = 250. Both graphs are
fit to double-exponential fits, and the fit parameters for (a) are shown
in (c). This plot demonstrates that there is a substantial change in Ai
values at N* ~ 250, which is due to the the appearance of prominent
relaxation modes that operate on time scales well beyond accessible
simulation tim es. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
24
7-2 Plot of the i dependence of F(500r) for a variety of N values. The
value of F(500r) approximates AO, and displays the same drastic in-
crease in value at a critical value of F*. We indicate the location of E*
for each N with arrows corresponding to the point F(500r) : 5. F* is
clearly a function of N, and the inset maps the transition on the E - N
plane. Gratifyingly, the resulting globule solid-liquid transition curve
corresponds well to the scaling introduced by Rampf shown in equation
1. [7] Red traces represent the trajectory of the globule as it shrinks
due to the pulling that is demonstrated in Figure 7-4. The red "x"s
represent the apparent solid-liquid transition seen in these simulations,
which directly corresponds to the transition seen in quiescent globules. 205
7-3 Pair correlation function g(r) as a function of N near the solid-liquid
transition. There is a clear change from solid-like to liquid-like cor-
relations around N* ~ 260. Traces are offset by a constant value of
0.015. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
7-4 (Color online) (Top panel) Force f versus extension L plots for an
annealed globule of N = 300, with F = 2.08,2.50,2.91 (solid, dashed,
dotted lines respectively) and i = 0.001. The curve at e = 2.08 demon-
strates only the features of a liquid globule, while the curves at F = 2.50
and 2.91 initially demonstrate the response characteristic of a solid
globule. Upon passing the transition points shown in the Figure 7-2
inset (indicated in this figure by the arrows), the pulling response re-
verts to liquid-like behavior. This transition is also seen in direct mea-
surements of the globule reorganization dynamics by plotting F(50r, L)
versus L, which demonstrates a similar transition that is also indicated
by arrow s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
7-5 F(i, L) as a function of time i for a variety of L at j = 2.50. At low
extensions L < 0.5, there is long time correlations in the globule due to
its solid structure. As the globule transitions to a liquid state at L > 0.5
due to globule shrinkage, the time correlation now demonstrates signif-
icant decay. The values of F(50r, L) are graphed in the bottom panel
of Figure 7-4 to show that these dynamic changes directly correspond
to the pulling response of the globule. . . . . . . . . . . . . . . . . . . . 209
9-1 This figure shows the energy landscape of a binding-unbinding transi-
tion for two adjacent beads. We consider only two states, an unbound
state where two beads only interact through the standard Lennard-
Jones potential for a e-polymer, and a bound state where there is a
harmonic spring connecting the two binding beads. There is an overall
change in energy upon binding AEo, which results from the difference
in activation barriers for forward (AEB) and backward (AEUB) reactions.226
25
9-2 A plot of size (R2 )1/2 as a function of binding energy AEO for a num-
ber of activation energies, designated by AEB (see 9-1). All values
of AEB fall along the same universal curve, demonstrating that the
equilibrium structure for globules collapsed by reaction mechanisms is
only determined by AEo. . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
9-3 Logio-logio plot of the correlation function (gB(n)) as a function of the
distance between two beads n. For a e-polymer, there should be a
scaling of (gB(n)) ~ n- 3/ 2 which is characteristic of a Gaussian chain.
A number of curves representing different of values of AEO are plotted,
along with a dashed line representing this n- 3/ 2 scaling. Clearly, as AEO
is decreased, large deviations from this behavior occur. At very low
values of AEo, there are two regimes. At low values of n, the typical
e-polymer behavior remains, however at higher values of n the scaling
becomes (gB(n)) ~ nO. This is shown on the graph by the dotted line.
This behavior is characteristic of polymer globule structure. . . . . . . 229
9-4 (a) The root-mean-square radius of gyration (R2) 1/2 /a as a function of
the reaction energy AEO for a number of periodicities p. As p increases,
the extent of collapse strongly decreases. N = 100 for all values of p,
and data is aggregated from simulations with low AEB and AEUB such
that the equilibrium state is observed. (b) Comparison of the relative
probabilities of finding a binder that has an index of multiple of 4 (N 4 )
versus a binder that is not a multiple of 4 (N!4 ). This metric 3N 4 /N 4
describes the relative amount of binders radially from the center of
mass (r) for p * 1. Thus, the case p = 1 is roughly flat and centered
on 3N 4 /NI4 = 1, while p = 2 and p = 4 demonstrate an abundance
of binding beads in the center. As the length of non-binding chain
separating two binders increases, there is an increased tendency for
the binders to partition to the center of the globule. N = 100. and
A EO = -4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
9-5 The collapsing behavior of a Lennard-Jones polymer (solid lines) de-
scribed by plotting (R2)/N as a function of the Lennard-Jones interac-
tion parameter siL. Equation 9.3 is used to replot data like that seen
in 9-2 as a function of an "effective" interaction parameter UEFF that
corresponds to ULJ. Data is shown for p = 1 (filled squares), p = 2 (open
squares) and p = 4 (open circles). There is a different extent of collapse
seen in reacting polymers due to the presence of topological effects
that prevents the realization of full chain collapse. This effect can be
lowered by including difunctional binding, rather than making binding
exclusive. The inset shows the effect of difunctional binding by plotting
N = 50 (black) and N = 100 (red) for both monofunctional (filled sym-
bols) and difunctional (open symbols) binding. Difunctional points are
plotted using the effective energy term described in 9.5. Polymers with
difunctional binders are driven to a more collapsed state, however full
Lennard-Jones comparison is still not completely possible. All points
on these figures have error bars smaller than the size of the symbols. . 232
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9-6 Lattice picture of the interior of a collapsed globule with self-associating
behavior. A given binder (green lattice site) can bind to any of z neigh-
bors (blue lattice sites) through a binding association (red arrow). This
behavior is shown in (i) and (ii), which each demonstrate a binding pos-
sibility. There is also a probability PUB = (1 + e-AEo)-z that a given
binder is not bound to any of its neighbors, which is shown in (iii).
By enumerating the probability of being bound versus unbound in this
type of system, it is possible to describe the corresponding "effective"
interaction parameter eff that would give the same behavior in a
Lennard-Jones system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
9-7 Local correlation factor F(T) as a function of i for a variety of values of
AEUB, and fit to 9.9 (black lines) using the values F(0) = 3.33, 4 = 0.21,
and fuB = 0.87. N = 50, AEO = 0, and p = 1. The main plot shows an
enlarged portion of the overall correlation behavior. This clearly shows
the important features of this plot, namely the quantitative fit between
simulation and 9.9 for a variety of values of AEUB. The inset shows the
overall correlation behavior, which demonstrates a very rapid decay at
i~ 0 due to the diffusion of unbound beads. . . . . . . . . . . . . . . . . 238
9-8 Normalized global correlation factor (C -2-AO)/(A1 +A 2 ) as a function
of t for a variety of values of AEUB, and fit to 9.13 (dashed lines) using
the values TR = 195 and A2/(A 1 + A2 ) = 0.35. N = 50, AEo = 0, and
p = 1. In the inset, the same data is plotted on a semilog plot of
In ((C/ - Ao)/(A1+ A 2 )) versus i. This clearly shows the emergence
of the second time scale at large AEUB, in agreement with the double-
exponential fit used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
9-9 In rL as a function of the unbinding energy AEUB for a N = 30 (filled
squares), N = 50 (open squares), and N = 100 (circles) with AEO = 0
(black symbols), AEO = -2 (red symbols) and AEO = -4 (green sym-
bols). Both simulation data (symbols) and theory (lines) are shown,
with the Rouse time r chosen to match the simulation data. Two
regimes are apparent - at low AEUB relaxation is dominated by Rouse
motion, while at high AEUB relaxation is dominated by binder kinet-
ics. The theoretical time scale of a single binder is shown by the dotted,
thick black line which matches up well with the binder kinetic regime
for all curves at large AEUB . . . . . . . . . . - - - - - - - - - - - - -. 241
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9-10 (R2)1/ 2 VS. egf for N = 50. As the value of AEUB (AEB = 0) is
increased and the globule is collapsed, the initial state of the globule
has an effect on its size at the time scale of the simulation (5 x 108
time steps). If the initial configuration is elongated (black points),
there is a finite time for the collapsed structure to become realized.
If the structure does not have the ability to relax fully in the time
scale of the simulation, it remains larger than equilibrium collapsed
conformation. This is seen in the points above ieff > 2, where AEUB is
large. If the globule is collapsed by slowly increasing the value of AEUB
(red points), the resulting size is closer to the equilibrium collapsed
structure. The solid black line indicates the collapse of a Lennard-
Jones system with respect to the interaction parameter GiJ. Error
bars are smaller than the size of the data points. . . . . . . . . . . . . . 243
10-1 Relevant transitions in conformational space. A coil or globule will be
stretched by a shear flow 4. The concurrent tumbling instability will
drive the polymer back into the coil or globule, however due to either
hydrodynamic effects or association constraints the polymer may be at
first resistant to stretching for some subsequent amount of time. We
dub this state the "stuck globule" (sg) state, and the traditional coil-
elongational description represents the "coil-stretch" (cs) state. The
arrows show the conformational trajectory of a self-associating polymer
in shear flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
10-2 The energy landscape for a single associating pair of binding monomers.
If two spatially adjacent monomers are within the reaction radius, there
is a possibility that these monomers will bind and a spring between the
two will form. The energy barrier to form this bond is given by AEB,
and the barrier to unbind from this bond is given by AEUB- -. . . . . 254
10-3 (a) Polymer elongation (L)/(2N) as a function of the shear rate :y
for different values of AEO and AEUB. As expected, decrease in AEO
results in the collapse of the polymer at all values of 4. Increasing
values of AEUB demonstrate the presence of a marked decrease in
the ability of the polymer to elongate under the influence of shear for
all values of AEO. The response for a e-polymer is also shown, and
also demonstrates non-monotonicity due to the same effect as that
seen for the binders, only solely due to hydrodynamic effects. (b)
(L)/(2N) vs. 4 for different values of AEUB at AEO = 0. Simulation
data (points) matches well with the theoretical prediction (lines). The
LJ response for a polymer of similar level of collapse 6 = 0.55 is also
shown (connected points), and serves as an input for the theory. Green
arrows correspond to time sequences shown in (c). For (a) and (b),
error bars are smaller than symbol size. (c) Polymer elongation L/(2N)
as a function of time at a number of shear rates with AEO = 0 and
AEUB = 5.0. Notice the suppresion of stretching events as shear rate
is increased. ....... .................................. 255
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10-4 Power spectral density P versus frequency C for LJ-polymer (filled
symbols, ii = 0.55) and self-associating polymer (open symbols, AEO =
0, AEUB = 11.0) for the shear rates indicated in Figure 3b-c. Both
trends are the same, except in magnitude, implying the same shear
response except when suppressed by the stuck globule state. . . . . . . 259
10-5 Power spectral density Po versus frequency & for LJ-polymer (filled
symbols, ii = 0.55) and self-associating polymer (open symbols, AEO =
0, AEUB = 11.0) for the shear rates indicated in Figure 10-4. Like
Figure 10-4, both trends are the same except in magnitude, implying
the same shear response except when suppressed by the stuck globule
state. ............................................. 260
11-1 Schematic demonstrating the extending and shortening pathways along
the M-coordinate, occuring with frequency v, and v_ respectively. The
elongating pathway, represented by the left to right process, occurs
when a bond (between the two red dots) along the shortest chain (red
path of length M) is broken. The next-shortest chain (of length M+n)
thus becomes the shortest chain, extending the chain for n > 0 (blue
chain segment). The shortening pathway, represented by the right to
left process, occurs when two beads n apart along the shortest chain
contour of length M + n bind to produce a shortest chain of M. While
other modes for the shortening process are imaginable, we assume these
contributions to be negligible. . . . . . . . . . . . . . . . . . . . . . . . . 271
11-2 Fraction of monomers undergoing binding associations (4, black points)
as a function of AEo for a N = 50 chain. Due to exclusivity constraints
and spatial correlation effects, the fraction 4 is below what would be
expected for a simple 2-state (bound-unbound) system (given by the
purple, solid line, 4o = (1 +eAEo-1). . . . . . . . . . . . . . . . . . . . . 275
11-3 The simulation-calculated form for the distribution Q(n) as a function
of n for a N = 200 bead chain at AEo = 0.0 and AEO = -2.0 around
equilibrium at L = 40 (small deformations). These distributions hold
for small extensions, but at longer extensions this value will be expected
to likewise evolve with the state of the system. At this limiting case,
these distributions take the form of a double-exponential decay given
by equation 11.21, which is shown by the solid fit lines (simulation data
is given by points). The only point where this fit is insufficient is for
n = 0, however in the the theory developed in this paper, associated
term s are zero. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
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11-4 We schematically represent the physical scenario of the initial mode
responsible for the "sticking" transition for a helical self-associating
polymer. At the interface of the main helix (represented as a two-
dimensional surface interconnected by bonds shown as black lines) with
its tether point, there is a tensile force that acts upon the first bead
along the chain bound to the helix. This tethering chain increases in
length with a frequency F., and decreases in length with a frequency
Fl_. For the increase in the tether length (an increase in the value of
M), the necessary step is the unbinding of the initial bound bead. This
opens up a sequence of n beads until the next bound bead (in this case,
n = 3 for the next unbinding event). For the rebinding event resulting
in a decrease of M, the crucial parameter is the probability of the bead
directly preceding the initial bound bead away from the helix getting
close enough to the helix to rebind. We use a simplified model that
considers a force-biased two-state potential that prevents the bead from
remaining near the helix due to the tensile forces. We schematically
and graphically represent this potential, with the relevant bead able to
explore an angular region between 01 and 03. If the bead is at an angle
0 between 01 and 02, then there is a possibility to rebind to the helix.
The height of the two-step potential, given by the green curve, grows
smaller with decreasing tensile force fT. . . . . . . . . . . . . . . . . . . 279
11-5 Typical trajectories for a single chain being pulled at F~ = 0.05 for
N = 200 and AEo = -2.0. The unbinding energies are given by
AEUB = 11.0 (a), AEUB = 12.0 (b), and AEUB = 13.0 (c). There
is an appearance of the characteristic sawtooth pattern at larger un-
binding energies, highlighting the presence of the "sticking" transition
for this system. Blue curves represent averaged trajectories at the limit
of AEUB -+ 0. (d) 50 traces (such as those shown in (a)) are averaged
to show a trajectory-averaged increase in dissipation with the increase
in AEUB. At low extensions, this manifests itself as Hookean behavior
that increases in rigidity with an increase in unbinding energy. . .. . 283
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11-6 (a) The area between a force-extension trace of a high-barrier associ-
ating polymer (AEUB = 13.0, N = 200, f) = 0.05) and the trajectory-
averaged trace in the limit of small association barriers (AEUB = 10.0,
N = 200, f) = 0.05; area shaded in red) gives the excess energy dissi-
pated due to the presence of bonds with finite time scales. There is
an additional contribution due to the collapsed state of the polymer,
which is given by the difference between the trajectory-averaged trace
and the orange Freely-Jointed Chain theoretical result (FJC, orange
curve). (b) Averaging the trajectory over the course of 50 runs pro-
vides the average amount of work dissipated (WpD) through a pulling
cycle for a given value of AEUB. A plot of (WD) versus AEUB is
shown (inset) for three different pulling velocities b = 0.01,0.05, and
0.10. When the energies are rescaled by AEU + In (100,D) (the factor
of 100 is so that results at 5 = 0.01 remain unshifted), shown in the
main graph, the results all fall along the same curve. This is predicted
by the scaling relationship in equation 11.34. . . . . . . . . . . . . . . . 284
11-7 "Cloud" plots from simulation (a) and theory (b) representing the evo-
lution of the distribution of the shortest chain length M as a function
of chain extension L for pulling velocity b = 0.05 and N = 200 for a
number of different barrier heights for unbinding AEUB. As the bar-
rier is increased, the distribution remains much more closely towards
the maximum-length constraint (MLC, solid orange line), and small
fluctuations in the shortest chain length M manifest themselves as
sawtooth patterns in force-extension plots. The theoretical results in
(b) are shown in the low-extension region that corresponds to the pur-
ple boxed region in part (a) where the near-equilibrium distribution
of Q(n) is applicable. Qualitative and near-quantitative matching is
obtained at this low-extension limit. . . . . . . . . . . . . . . . . . . . . 285
11-8 Snapshots of the force-extension behavior of a N = 200, ii = 0.5, A5 0
polymer with unbinding barriers of AEUB = 11.0 and AEUB = 13.0.
The images on the left sequences and right sequences (right sequence
only shown for AEUB = 13.0 - analogous images for AEUB = 11.0 are
not visible and thus not shown) correspond to the same time points,
however the sequences on the right colors the bonds (including associa-
tions) based on the strength of the tensile force along that bond (shown
in the legend). If the tensile force is negligible, the bond is not shown.
The left sequences show all bonds, with orange bonds being along the
chain and purple bonds representing self-associations. At high forces,
which are present for AEUB = 13.0 where the unbinding barrier is large,
the highlighting of the tensile forces reveals the shortest chain through
the globule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
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11-9 The probability distribution function of the state of a randomly asso-
ciating polymer as it is elongated over time, measured with respect to
the coordinate M. (a) For a polymer that associates with a low bind-
ing energy (quick reorganization), the polymer quickly settles at the
equilibrium distribution and at each time-local condition the distribu-
tion remains very close to the fully relaxed condition that shifts well
ahead of the finite-extension constraint. We indicate this constraint
at each extension length fL with an appropriately colored arrow. Since
the distribution is a substantial distance away from this constraint,
the dissipation (force plateau) due to binding associations is negligi-
ble. (b) A contrasting case, where the polymer associations occur on
a long time scale. The distribution now remains static compared to
the time scale of pulling, and the advancing finite-extension constraint
(again represented with the appropriate arrows) quickly overtakes the
distribution. The constraint subsequently "forces" the distribution to
advance, but now the distribution has finite values close to the con-
straint front where forces diverge. This divergance of forces near this
constraint results in the characteristic sawtooth patterns, and likewise
the large level of dissipation seen in the force-extension plots. Both
(a) and (b) describe the same type of data represented in the "cloud"
plots in 11-7, only re-represented as slices. . . . . . . . . . . . . . . . . . 288
11-1OThe initial portion of the force-extension curve given originally in 2-
4b (a), relevant region boxed in purple, can be reproduced from the
theoretical prediction of the force-extension curve for a randomly asso-
ciating polymer with N = 200, 1 = 0.05, and AEo = 2.0 (b). A number
of barrier heights AEUB are shown, with the same colors corresponding
to the same conditions. Oscillation behavior in (b) is a numerical arti-
fact due to the divergence of force near the maximum length constraint.289
11-1 1With a full distribution along the M coordinate calculatable, it is possi-
ble to stochastically step through the pulling process numerically using
a random number generator. We demonstrate the results of such cal-
culations on a force versus extension plot for a number of different
conditions for a random associating polymer, with varying unbinding
energies. We recreate the existence of the characteristic sawtooth pat-
tern entirely from theory, using the scheme described in the theoretical
section to provide qualitative matching to the observed simulation re-
sults. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
11-12Typical trajectories for a single helix chain being pulled at f) = 0.05
for N = 200 and A5 0 = -2.0. The unbinding energies are given by
AEUB = 10.0 (a), AEUB = 11.0 (b), and AEUB = 12.0 (c). The is an
appearance of the characteristic sawtooth pattern at larger unbinding
energies, highlighting the presence of the "sticking" transition for this
system. (d) 50 traces (such as those shown in (a)) are averaged to
show a trajectory-averaged increase in dissipation with the increase in
AEUB . ..-.......-....... .-.---..-.-.-.-.-.-.-.-...... ... 292
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11-13Snapshots of the force-extension behavior of a N = 200, 'i = 0.5, AE 0
helical polymer with unbinding barriers of AEUB = 10.0 and AEUB =
13.0. The images on the left sequences and right sequences correspond
to the same time points, however the sequences on the right colors
the bonds (including associations) based on the strength of the tensile
force along that bond (shown in the legend). If the tensile force is
negligible, the bond is not shown. The left sequences show all bonds,
with orange bonds being along the chain and purple bonds representing
self-associations. Due to imperfect fitting of the bonds around the
helix potential, there is a circumferential tension that is an artifact of
the simulation that reveals the helix in this representation, however
incremental tension forces are clearly seen. At small barriers and low
forces, the helix pulls apart at the tether points, while at high forces
where the unbinding barrier is large there are helix-breaking extension
m odes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
11-14The initial portion of the force-extension curve given originally in 11-
12b (a), relevant region boxed in purple, can be reproduced from the
theoretical prediction of the force-extension curve for a helical associ-
ating polymer with N = 200, b = 0.05, and A5 0 = 2.0 (b). A number of
barrier heights AEUB are shown, with the same colors corresponding to
the same conditions. Oscillation behavior in (b) is a numerical artifact
due to the divergence of force near the maximum length constraint. . 295
12-1 The elongational flow rate C in the simulations for this chapter is in-
creased exponentially through a parameter m as shown in this plot. . 305
12-2 Schematic of the conceptual picture describing the energy landscape
(U versus i through which an extending polymer in the presence of
an elongational flow field evolves. Initially, the barrier preventing a
globule-stretch behavior is given by the interplay between the cohesive
energy and the drag forces. This barrier Utot,max is given by equation
12.5. Subsequent barriers are indicated in purple and represent the
association-induced constraints that must be overcome to stretch the
molecule. Pictures associated with the landscape show geometrically
the pathway through which the molecule passes to go from a globule
to a stretched state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307
12-3 Four traces each for A5UB = 12.0 and AFUB = 16.0, with A5 0 = -2.0
for N = 50. Simulation data shows a characteristic "step" pattern that
occurs due to the finite time scale of unbinding that is slower than the
speed of elongational flow increase (m = 2 x 10-8). ............... 311
12-4 Trajectory-averaged traces of (1) as a function of the logarithm of the
elongational rate log i for rn = 1.5 x 1 0 -7, 5.4 x 10-8, and 2 x 10-8 at a
number of values AEUB as indicated. Trajectory averages over ca. 10
traces, N = 50, and A5 0 = -2.0. . . . . . . . . . . . . . . . . . . . . . . . 312
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12-5 Cloud representation (using the same color scheme as Figure 12-4,
m = 5.4 x 10-8) from theoretical results. Values randomly chosen from
calculated distribution T to provide an estimate of the distribution of
possible paths through 1 - i space as stretching occurs. Ato = -2.0
and N = 50. Note the "envelope" beyond which the distribution be-
comes sparse regardless of AEU. This is the regime through which
the polymer quickly "jumps" to full elongation due to complete force-
overloading of the associations. This is also apparent in Figure 12-3. . 313
12-6 Trajectory-averaged traces of (~) as a function of i for a variety of
values of AEUB, N = 50, and AEO = -2.0. Values of m are m = 2 x 10-8
(a) and m = 5.4 x 10-8 (b). These represent rates that differ by a factor
of e, which is apparent in the rough equivalency of AEUB traces in
(a) with AEUB -1 traces in (b). These graphs qualitatively match the
simulation results in Figure 12-4. . . . . . . . . . . . . . . . . . . . . . . 314
12-7 Single trajectories for the extension length L at a constantly-ramping
elongation rate e, derived using theoretical numerical calculations. The
elongation rate ramps with m = 5.4 x 10-8 for N = 50 and A5 0 = -2.0.
The characteristic stair-step behavior is observed, comparable to the
behavior shown in Figure 12-3. . . . . . . . . . . . . . . . . . . . . . . . 315
13-1 (a) Schematic of the Bell-model reaction scheme used to represent asso-
ciations between two different beads in computer simulationsa, demon-
strating the energy landscape for fast (purple) and slow (green) dy-
namics. (b) Simulation snapshots of a randomly associating polymer
(RAP, top) and a helical polymer (bottom) as they are pulled. Yellow
links represent backbone links, while blue lines correspond to temporal
association bonds that satisfy the Bell model (as shown in (a)). (c)
Single force-extension traces for a RAP as the unbinding barrier AEUB
is increased for N = 200, & = 0.01, and A5 0 = -2. Corresponding t
values are jft = 11.0,30.0, and 81.7 for AEUB = 13.0,14.0, and 15.0
respectively. Traces corresponding to different values of ft are offset
by f = 50.0, with baselines represented by bold, dotted lines. . . . . . 319
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13-2 (a) Force-extension behavior (averaged over 50 different trajectories for
each condition, (fT versus L/(2N)) for an RAP at a number of dif-
ferent normalized pulling rates , 41AP (legend shown in (b)). Schematic
represents the conceptual picture of a globule whose force behavior
is dictated by the shortest path through the network of chain connec-
tions and associations. (b) Same force-extension behavior shown in (a),
showing only the purple boxed region in (a). At these low extensions,
Hookean behavior is observed that increases with Mt, an effect pre-
dicted in equation 13.7. Legend shown is for (a-c). (c) Force-extension
behavior (averaged over 150 different trajectories for each condition)
for a helical polymer at a number of different normalized pulling rates
i41 . For a helical polymer, there is a constant force plateau that is a
function of pulling rate ijt as predicted in equation 13.4. Secondary
modes appear at high Ot and high L . . . . . . . . . . . . . . . . . . . . 321
13-3 Schematic figures representing the fundamental units derived from sta-
tistical mechanical models and arguments in this paper. (a) A helix
(denoted by the semicircle series) is pulled in series with a stiff spring
(zig-zag with spring constant ,) that represents the pulling potential
used in the simulations. At a specified force, dependent on the relative
pulling velocity Ot, Hookean behavior gives way to an extension that
proceeds until the helix is completely unwound to its full contour length
of Lc. (b) A Randomly-Associating Polymer (RAP, circle containing a
coiled shortest-path) is in series with the same stiff spring. Extension
proceeds in a quasi-Hookean fashion until it is unwound to its contour
length Lc. The slope of the Hookean regime (at small values of L) is
a function of Vt - when t is fast, the slope is large due to the long
relaxation time of the globule network, and when bt is slow the slope
is small as the globule has the opportunity to relax. These behaviors
are observed in simulation of our model, shown in Figure 2a and 2c. 325
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13-4 Examples of compound systems using the mechanical design princi-
ples inherent in self-associating polymers. (a) Schematic of the force-
extension curve seen for the case where the RAP is in parallel with a
helix. The unit requires a minimum force to extend that is dictated
by the helical component and its value of P(i{). Once this force is
attained, typical RAP behavior is observed. Red curves versus blue
curves represents different values of i4 , and different shades represent
different values of RAP. Simulation verification is shown in (b), which
plots a number of different values of i4t, each with a high (light col-
ors) and a low (dark colors) value of O . The overall effect of the
helix is to "shift" the curve vertically. (c) Two RAPs in series will
demonstrate two separate transitions in their initial modulus. Each
transition corresponds to the pulling speed ~b ecoming quicker than a
globule's reorganization speed i*. The transitions are broad, but they
can be observed if there is a large disparity between f* and *2. This
is shown in (d), which plots simulation data the case for ~5*/,1* = e3..
(e) A helix in series with a RAP increases in (fT) in the same fashion
as a RAP until the force reaches P(ft ) that is required to unravel the
helix. Different values of ij, are shown with different shades of red.
The plateau persists until both the RAP and Helix fully unravel to
a length 2Lc. Simulation verification of this trend is observed in (f),
which plots for a single value of f5t a number of values of . At low
extensions, the predicted behavior indeed occurs. . . . . . . . . . . . . 328
14-1 The hydrodynamic lift force is induced by the backflow counteracting
the applied fluid flow profile due to the entropic restoring force of
the polymer chain. In an infinite medium (top), the flow profile is
symmetric and this backflow does not have a net effect on the polymer.
Next to a surface, however, the backflow is suppressed near to the
surface leading to a net upwards flow that "lifts" the polymer away
from the surface. Figure from [34]. . . . . . . . . . . . . . . . . . . . . . 337
15-1 (a) Simulation data showing the accumulation of bead positions over
4800 -r at tr = 2.1 for a 9-chain of 100 beads. We approximate this
geometry using a bead-rod model, which groups portion of the chain
into beads (orange circles). This geometry is shown in (b), and has
2N = (AX)/(AZ) beads of radius a = (AZ)/2 parallel to the surface
at height Z. Individual dumbbell-pairs feel a net force Ff which is
equivalent to the gradient of the tensile force along the chain in the
continuum limit. All pairs of dumbbells contribute to an overall lift
force FL. .......... .................................... 347
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15-2 (a) Load profile that corresponds to a chain in shear flow, which is
placed into the equation 15.8 to yield equation 15.9. It is described
by j(aFr(Fi)/On) = 'yrsin20(ij,, - E'j ij,,/(2N)). (b)Graph of the
hydrodynamic contribution to the lift force FL versus Z for a shear
load profile. Solid lines show theoretical results, dashed lines show
the effect of bead-discretization at low values of Z, and dotted lines
demonstrate the far-field dumbbell results. Simulation data is also
shown, with filled symbols representing data without fluctuations and
open symbols representing data including fluctuations. These results
collapse onto a single curve (inset) using the scaling Z -- ZIN and
F -+ F/N 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
15-3 (a) Concentration profiles highlighting the difference between the elon-
gated chain model (solid lines), the dumbbell model (dashed lines), and
the far-field dumbbell model (dotted lines) for a number of different
shear rates near a surface with N = 10 (given in terms of geometric
parameters). The depletion region is often considerably smaller when
near-surface hydrodynamics and elongated chain geometries are consid-
ered. While direct comparison of these results to Weissenberg numbers
is dependent on the specific chain model, a simple scaling model that
incorporates these values suggests they correspond to Wi ~ 1 - 10. All
three cases correspond to the same far-field behavior. (b) Probability
distribution function for chains in a sheared slit flow. The near-surface
hydrodynamics, which are considered in the elongated chain model,
have the effect of greatly decreasing surface depletion in channel widths
on the order of the chain contour length. reff = 0.01 and N = 10,
roughly corresponding to Wi ~ 5 - 10. All three cases correspond to
the same far-field behavior. Finite concentrations at Z = 0 in (a) and
(b) occur due to a lack of divergence in equation 15.9 and the neglect
of a short-range excluded-volume potential at the surface. (c) Diagram
demonstrating roughly where the far-field approximation is valid and
where the near-surface effects need to be considered (extended-chain
theory). ...... ..................................... 352
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16-1 Schematic demonstrating the geometry of the tethered chain and the
definition of the relevant variables. When a tethered chain beginning at
height zo from the surface consisting of N links separated by distance
2a is in a strong simple shear flow, the chain lies roughly parallel to the
surface plane in a direction here defined as the x direction (top left). In
the z - y plane, the chain appears to undergo a random walk from the
tether point with increasing step size (Al2) with increasing n (bottom
left). In this theory, this distance (Al2) is calculated by developing an
analytical expression for the partition function of an individual link as
it undergoes an angular perturbation On from the horizontal ground
state (right). This energy associated with this is due to the torque T
applied by the chain tensile force FTM. A bending energy constant sB
can also be introduced to consider correlations between adjacent values
ofOn. ...... ...................................... 363
16-2 The introduction of hydrodynamic interactions into the geometry of
a tethered polymer is accomplished by considering the lift force FL,
on a segment n as it compares to the net force of the flow FFn
FT,n-FT,n+ on the same segment. The ratio of the two forces FLn/FF,n
describes the direction of that given segment on. There is a resulting
z-displacement 2a#n that can be added to the contour of the non-
hydrodynamic interacting chain to yield the chain trajectory. This
results in a characteristic "tether kink" like the one shown in this figure.367
16-3 The tensile force PT,n as a function of the link index n for a number of
shear rates 4. Simulation data is given by the points, and theoretical
predictions are given by the lines. Results for freely-draining (a) and
hydrodynamic interacting (b) are shown, with d = 2 used for FD and
d = 3, f = 0.7 used for HI. Values for d are chosen based on simulation
observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
16-4 Normalized probability distribution functions P(z, n) as a function of
the z-position of bead n for tethered chains in shear flows of - = 1.0 (a)
and i = 10.0 (b). Theoretical predictions are shown by lines, and sym-
bols represent simulation data. Due to the soft wall potential and ex-
cluded volume interactions, the surface is effectively located at z ; 1.5,
so zo is chosen to be zo = 0.5. Excellent agreement between simulation
and theory is observed, with no adjustable parameters. . . . . . . . . . 368
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16-5 The mean trajectory of this polymer is shown in (a) as the (i) versus
n, for both theory (lines) and simulation (symbols) for a wide range
of '. With no adjustable parameters, it is clear that this theory is
applicable over a wide range of shear rates, with the only apparent
deviations occurring at large values of n. We attribute this to the soft
wall potential, which results in a larger than expected tail in P(z, n)
at low-z at large values of n. Error bars are shown when the error is
larger than the symbol size. (b) The mean square distance from the
tether point, S,[~i, {z}] plotted as a function of the bead index n for
a number of values i. This gives an indication of the overall shape of
the equilibrium, averaged polymer structure. . . . . . . . . . . . . . . . 370
16-6 Plot of V/Sn[~, {z,}] as a function of n for a tethered polymer N = 50
and ' = 1.0. The simulation of the same polymer under the same
conditions, represented as a cloud of a large sample of visited points,
is positioned below this graph and is viewed from the top-down (along
the z axis). Theory predicts that the "cone" geometry of the cloud
and the plotted line should follow the same curve shape. Qualitative
matching can be observed upon direct visual comparison. . . . . . . . 370
16-7 Average trajectory for a surface-tethered chain ((z) vs. n) in a wide
range of shear flows y for a number of chain lengths N = 20, 30, and 50.
Quantitative agreement between theory (lines) and simulation (sym-
bols) is seen for all values of N, verifying the general validity of this
theory. Error bars are shown when the error is larger than the symbol
size................................................ 371
16-8 Average trajectory for a surface-tethered chain ((z) vs. n) in a wide
range of shear flows i for a number of chain bending constants RB.
There is quantitative agreement between theory (lines) and simulation
(symbols) for all values of i and RB, with the graph displaying the
intuitive feature of having the largest geometric differences at high n
and low ~. Error bars are shown when the error is larger than the
sym bol size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372
16-9 Average trajectory for a surface-tethered chain ((z) vs n) for a num-
ber of shear flows -y upon the introduction of hydrodynamic inter-
actions. Theoretical results (lines) and simulation results (symbols)
match quantitatively, in similar fashion to previous results for FD-
chains. The major difference in this plot is the presence of a universal
"tether kink" at low n values, which is a result of the hydrodynamic
lift force. The opposite of this behavior, due to the antisymmetric na-
ture of the hydrodynamic lift force, is seen to a lesser extent at large
n where the chain end is pushed downward. Hydrodynamic screening
is also present, and a value f = 0.7 is used to calculate the theoretical
lines as determined from the results in 16-3. Error is smaller than the
sym bol size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373
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17-1 (a) To characterize the surface-based globule coil transition, we con-
sider two states, a globule state and a coil state (shown schematically
here). The free energy F of the globule is related to its cohesive energy
As, along with a small contribution from the surface interaction pi. F
of the coil contains contributions from the energy cost to confine the
polymer to a distance D* from the surface and the energy gain from
having a fraction fB of the monomers interacting favorably with the
surface. The conceptual picture of the transition is that for a given
globule cohesion Af, there is a critical surface attraction ;i* where the
free energy of both states are roughly equal. This is a broad transition,
but extrapolation from the pure cases provides a straightforward con-
ceptual picture of the phenomenon. (b) The use of the Flory/DeGennes
scaling theory for adsorption at a weak surface is justified in our sim-
ulations. Here we plot the simulation results for the fraction of bound
monomers fB for the weak value of ii 0.41 as a function of surface
interaction parameter p. The linear relationship is predicted by the
theory, and seen in the simulation. There is an offset from this linear
relationship, with fB -+ 0 at pi > 0, which we attribute to the initial
entropic penalty of confining the polymer at the surface. . . . . . . . . 386
17-2 The equilibrium extension (fLx/(2N)) of a single chain N = 50 on an
attractive surface as a function of the strength of self-interaction ii for
a number of values of pi. As f is increased, the transition from a coil
to a globule occurs at higher values of ii consistent with the theory
presented in this paper. Theoretical predictions for a shift factor 6i
collapses the data for different values of fi onto a single curve (inset). 388
17-3 The behavior of the coil-globule collapse transition in the bulk ic 11
and at the surface icou,s as a function of the strength of polymer self-
interactions ii and polymer-surface interaction fi. This demonstrates
that the presence of an attractive surface can induce a globule-coil
transition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
17-4 The extension (L) of a polymer with N = 50 that is adsorbed on an
attractive surface as a function of shear rate - for a number of values
ii at p = 0.18. These curves collapse into a universal transition curve
when rescaled by the transition shear rate ~g (inset). . . . . . . . . . . 392
17-5 Globule-stretch transitions are strongly affected by the presence of an
attractive surface, however the mechanism of the transition remains es-
sentially the same. In the bulk case (left), a thermally protruding chain
end of the polymer is pulled from the globule surface if the magnitude
of the shear flow y is sufficient. The same concept holds for the surface
case (right), however the globule is now pinned to the surface. In the
bulk case, the magnitude of the flow is taken from the globule center
of mass, since it moves with the average fluid velocity. The reference
instead becomes the surface, and the relevant shear rate is ~y(1+ ),
as demonstrated by the schematic. . . . . . . . . . . . . . . . . . . . . . 393
40
17-6 Log-log plot of the globule-stretch transition * versus L-J interaction
energy Ai2 for polymer globules in the bulk (~y*, red points) and for
polymer globules adsorbed to the surface (~*j, black points). Fit lines
both have a slope of ~ 1.6, indicating that the scaling behavior is
equivalent for both cases. This suggests that the extension mechanism
essentially the same, however there is a multiplicative constant between
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Chapter 1
Introduction
1.1 Blood Clotting-Inspired Polymer Physics
One of the major motifs in the study of polymer physics in the past few decades
has been the desire to harness the powerful ability that biological systems have to
manipulate and direct the behavior of soft materials.[1] Biologists have long spoken
in the language of chemical signals and physiological functions, however recently it
has become clear that there is incredible physics governing most of these processes
on length scales as disparate as electronic and macroscopic orders of magnitude.
Much of the focus of modern biophysics focuses on explaining specific systems in
the language of physical forces;[1] mechanical stresses drive the function of a great
number of processes, from macroscopic physiological effects (such as bone resorption
behavior)[2] to microscopically driven motion (such as the molecule kinesin, which
shuttles organelles through the interior of the cell). [3] These behaviors can be grouped
into three different and general categories, each based on the nature of the interaction
between the forces and the biological system: force creation processes, force driven
processes, and force dissipation processes.
Force creation, or mechanical actuation, is a key aspect of living systems since it
is requisite for locomotion.[4] Mechanical actuation is a phenomenon that occurs on
length scales as small as the motion of single organelles[3] to the large scale motion
of entire muscles in large animals.[3, 5] At the heart of most of these motions are
"motor" proteins, namely myosin and kinesin.[3, 5] Myosin is a protein that uses a
stepping-like motion to dictate the relative motion of single actin filaments within the
body, and is completely powered by conformational changes in the protein induced
by the chemical energy stored in ATP.[3, 5] Similarly, the protein kinesin moves
organelles throughout the interior of the cell based on the same principles. [3, 5] These
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motor proteins dictate the dynamics of biological systems, and thus there is a large
swath of research dedicated to both understanding and emulating the fundamental
physics governing these systems. [3, 5] For example, supramolecular chemists have used
light-sensitive conformational moieties in liquid crystals to develop films that display
macroscopic mechanical actuation.[6] Likewise, experimental work into the control of
polymer gels has yielded exciting possibilities in microrobotics.[7] In the addendum to
this thesis, we describe a side project in the spirit of these types of developments by
building upon the field of cilia-mimics.[8] These are designed systems that are meant
to replicate the motion of hairs that line biological surfaces to drive fluid flows in a
controlled fashion, and represent a system where conformational changes drive the
application of forces.[8]
Force dissipation processes are less ubiquitous, however there are very promi-
nent examples of molecules whose expressed purpose is to maximize dissipation. The
molecule titin is the most highly studied, since it is again involved in the muscular
system as a "shock absorber" that dampens the application of sudden loads on the
musculo-skeletal system.[9, 10] Proteins such as spider silk also demonstrate large
amounts of dissipation, resulting in tough mechanical properties that allow for ma-
terial properties.[10] Dissipation is likewise important in the probing of interactions
among molecules - the out-of-equilibrium pulling of single biological polymers has
recently elucidated the folding and unfolding behaviors of proteins, for example, and
recent attempts have used pulling methods (such as AFM or optical tweezers) to try
to probe the nucleotide sequence of DNA and RNA.[9, 11] Furthermore, connections
of these sorts of pulling experiments to macroscopic properties has come under inves-
tigation, and synthetic model systems have become important as a way to understand
the connection between the two.[10, 12, 13] One prominent example is an "artificial
titin" molecule that uses hydrogen bonding moieties as analogues for protein domains
such that force-extension behaviors characteristic of biological molecules can now be
seen in synthetic molecules as well.[12, 13] This thesis will briefly consider the rami-
fications of our work on these ideas through the pulling of associating polymers and
the molecular design of pulling molecules.
Force driven processes represent a vast array of different biological systems, and as
such this is a very active area of research that covers an enormous range of systems and
length scales. For example, bone resorption processes are regulated by the application
of force through the presence of fluid flows in channels known as "canallae" in bone
tissue that respond to physical stresses.[2] This leads to the well-known phenomenon
of decreased bone density among astronauts, as the body self-regulates to adapt to the
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lack of gravity. [2] On a molecular level, a prominent example of forces manipulating
biological systems is in the action of "catch bonds." [14, 15] These are bonds that, at
higher levels of tensile force, show an increased binding strength, contrary to what is
typically expected of normal "slip bonds". [14] By applying force, the biological system
can effectively manipulate these chemistries and subsequently change phenotype. The
exact mechanisms of these catch bonds are hypothesized to involve complex binding
pathways, and a number of different variants exist.[14, 16]
In this thesis we will be primarily focusing on this latter idea; force-driven bio-
logical processes. Specifically, we find inspiration in the blood-clotting protein von
Willebrand Factor (vWF), which demonstrates novel responses to the presence of
strong fluid flows.[17] Importantly, this is a protein that lends itself to theoretical
and simulation study due to the simplicity of its hierarchical structure despite its
complex array of associations and sequence.[18] Furthermore, the principles that will
be gained from the study of this molecule will have profound implications in a wide
variety of areas. Much like the designed artificial titin, the cilia-mimicing systems,
and other bioinspired synthetic systems, the fundamental physics of this material will
be useful in the development of materials that can reproduce the novel aspects of
vWF's physiological behavior in a more manipulatable environment.
To understand the powerful potential of vWF's physical properties, it is requisite
to understand the physiological context within which vWF acts, in particular the
blood clotting cascade.
1.2 Blood Clotting - A Primer
I schematically demonstrate the blood clotting process in Figure 1-1, which provides
a rudimentary description of the roles of the various blood components as they re-
spond to a wounded blood vessel. The brief introduction here is meant to provide
context to the role of vWF, and much more detailed descriptions can be found in
the literature.[18, 19] Discussion is furthermore limited to the case of clotting under
high-shear conditions, since alternative pathways that do not depend on vWF are
realized at low-shear rates.[19]
When a blood vessel is damaged, the endothelial cells that line the outer surface
of the vessel no longer form a barrier between the blood inside and the extracellular
matrix. The extracellular matrix is largely collagen, and the initial response is driven
by the interaction between vWF and the collagen matrix.[18, 19, 20] The deposition
of vWF on the collagen surface is initiated by fluid flows (which this dissertation is de-
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b)
c) PLUG
CLOT
Figure 1-1: A schematic demonstrating the role of vWF in the blood stream. a)
Under quiescent conditions, vWF exists in a globule state that interacts very little
with its surroundings. Some vWF is freely mobile in the bloodstream, while the rest
is bound in either the Weibel-Palade bodies located within the vessel endothelial wall
or in platelet c-granules. b) When the vessel is damaged, the resulting change in
flow conditions induce an accumulation of vWF and platelets (known as a "plug")
that adheres to the exposed collagen at the wound site. During this process, vWF
undergoes a conformational transition from a globule to a stretched protein, which
enables it to act as the "glue" that holds the plug together. c) Fibrinogen is deposited
at the site of the plug, and subsequently converted into fibrin and crosslinked to form
the permanent clot. Figure courtesy of Alfredo Alexander-Katz.
voted to).[17, 21, 23] Changes in fluid flow correspond to the onset of vasoconstriction,
which occurs immediately before the wound site.[24, 25] The layers of vWF on the
surface then "catch" platelets from the surrounding plasma and subsequently tether
them to the vWF aggregate structure.[18, 19, 20, 26] These platelets then, along with
more vWF molecules, form an initial gel structure known as a "plug." [18, 19, 20] This
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plug does not remain if allowed to dissipate, and is in fact a transient network that
forms the scaffold for the eventual blood clot.[18, 19, 20, 24]
The initial plug structure not only serves as the scaffold for the blood clot, but the
interactions between the platelets and vWF induce the release of regulatory signals
from platelets that mediate most of the remainder of the hemostatic process.[18, 19,
20, 27] The platelets, under the influence of these signals, change shape and begin
to crosslink with deposited fibrinogen.[18, 19, 20] This fibrinogen is subsequently
converted into fibrin, forming the final blood clot.[18, 19, 20, 281
1.3 von Willebrand Factor: Biological Function
and Regulation
von Willebrand Factor is one of the initial responders in the blood clotting cas-
cade, and very generally acts as the "glue" that holds together the inital plug struc-
ture. vWF is created in a number of locations, the most prominent one being the
Weibel-Palade bodies that are located in endothelial cells and derive from the Golgi
apparatus.[18, 19, 20] These elongated organelles release vWF into the both the
blood and into the extracellular matrix, however typically these molecules are re-
leased into the bloodstream upon migration of this organelle towards the cell wall
during the initial stages of the blood clotting cascade.[18, 19, 20] Once released
from a Weibel-Palade body, the molecule is in its ultra-large state, and is longer
than is typically found elsewhere in the body.[18, 19, 20] Therefore, in the initial
stages of vWF release the molecule is known to undergo scission through inter-
action with a metalloprotease known as ADAMTS-13 to shorten the chain to its
typical length.[18, 19, 20, 29, 30, 31, 32, 33, 34] vWF is likewise released from
circulating platelet a-granules, which are aggregates of platelets, vWF and other
haemostasis-involved components (fibronectin, fibrinogen, etc.).[18, 19, 20] Similarly,
the vWF in these aggregates is ultra-large and is released upon receiving chemical
signals involved in the blood clotting cascade.[18, 19, 20, 27] Likewise, ADAMTS-
13 breaks the chains into smaller fractions consistent with what is seen normally in
blood.[18, 19, 20, 29, 30, 31, 32, 33, 34]
While many of these processes involve the release of vWF through chemical sig-
nalling pathways, vWF is always present in the bloodstream due to non-local re-
lease and in fact plays a crucial role in the initial stages of thrombogenesis for cer-
tain cases.[18, 19, 20] In the case of vessel walls exposed to low shear rates (larger
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arteries and veins), there is an immediate response where the platelets adhere di-
rectly to the exposed extracellular matrix.[19, 26] At high shear rates, however,
platelets no longer retain a sufficient level of adhesion at the surface to form a
clot.[26] Thus, vWF becomes requisite in these situations (usually small arterioles
and capillaries).[18, 19, 20, 26] In this case, vWF is known to act both on its own and
in concert with the platelets through a number of functional receptors. At the surface
of the extracellular matrix, the A3 domain on vWF binds to collagen fibers, [20, 35, 36]
while platelets interact with vWF through both the integrins that attach to arginine-
glycine-aspartic acid (RGD) sequences (both integrins a231 and alb33 are known
to be involved in these processes) and the glycoprotein GP1b.[20, 37, 38] It is the
combination of these interactions that enhances platelet binding to the initial throm-
bus structure, since the vWF molecule not only binds to the collagen surface with a
relatively long-lived binding time but allows the formation of a transient vWF-platelet
network that serves as the scaffolding for the latter stages of thrombogenesis, mainly
the deposition of fibrin to form the fully-functional blood clot. [19, 39, 40]
While the blood clotting cascade relies on a complicated set of chemical signals to
regulate the process,[27] there are distinctly physical processes that govern crucial as-
pects of vWF's activity.[17, 21, 23, 41, 42, 43] Importantly, we focus on the conforma-
tional behavior of von Willebrand Factor during its initial deposition process at high
shears; it is well-known that at high shear rates it becomes increasingly difficult to ad-
sorb a polymer to a surface,[22] however vWF does precisely the opposite and attaches
to the exposed collagen surface exclusively at high shears.[17] This counterintuitive
adsorption coincides with a stretch transition in the vWF structure. [17] This primarily
physical phenomenon drives the physiological observations in a number of diseases;
in Thrombetic Thrombodytopenic Purpura (TTP), the scarcity of ADAMTS-13 re-
sults the formation of a large number of small thrombi without the usual clotting
cascade. [29] This results in the incorporation of platelets into non-critical parts of the
blood vessel and leads to a platelet deficiency that hinders blood clotting.[29] The
lack of ADAMTS-13 in this case hinders the process of breaking up ultra-large vWF
molecules, which does not fundamentally change the chemical nature of the protein
(each multimer demonstrates the same fundamental sequence of domains) but instead
changes how these molecules respond to fluid flows.[29, 30, 31, 32, 33, 34] It is hy-
pothesized (and is demonstrated later in the thesis) that the larger vWF molecules
are more prone to stretching and thus are more active regardless the presence of the
conditions typically required for activation.[44]
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1.4 von Willebrand Factor Structure
This physical behavior of von Willebrand Factor is interesting from both a funda-
mental and applied perspective; current research in fields such as drug delivery and
microfluidics places great importance on the ability to precisely manipulate individual
polymer molecules or aggregates.[45, 46, 47] For drug delivery, the motivation is to
use a molecule as the vehicle that carries a cancer drug molecule directly to the tumor
site (and therefore diminish the side effects typically seen when these drugs end up
in healthy tissues) in a precise and controlled fashion.[45, 46] Currently, there is a
great deal of research aimed at developing methods to induce a "stimuli responsive"
behavior at a desired location in the body for this very reason.[45, 46] Typical meth-
ods for accomplishing this include pH-response that influences electrostatic behavior
of the carrier, temperature response that relies on changes in solvent-carrier interac-
tions, and chemical targeting such that over-expressed ligands on the surface of the
target have strong affinities to the carrier. [45, 46] Little attention has been paid to the
possibility of changing flow behaviors at the targeting site, with the exception of the
well-known Enhanced Permeation and Retention (EPR) effect in tumors.[45, 46] In
EPR, there is a stagnation of blood flow throughout the tumor site that enables the
accumulation of particles (which could be decorated with, for example, an anti-cancer
drug).[45, 46]
Microfluidics research is also highly interested in the ability to precisely control
a single molecule. For example, sorting of DNA molecules using posts provides a
possible route to rapid sequencing, [47] however the topological variety in a given DNA
sample makes this very often quite difficult to accomplish in practice. [47, 48] Methods
of using microfluidics setups to probe conformational evolution of single molecules is
driven by the desire to probe conformational behaviors of individual polymers to
provide insight into either fundamental properties of single polymer chains or to
elucidate the structure of complicated biomolecules.
These applications suggest that the flow-based adsorption behavior of vWF could
provide useful and novel physics with relevance in these areas, however understanding
the physical behavior of a single vWF molecule is not trivial; it is a protein with a
highly specific sequence that drives structure formation on a number of length scales.
To provide a full rendering of such a molecule would be computationally intractable
due to the sheer number of molecules required to describe it and the surrounding
solvent, and furthermore long time scales would be necessary to reproduce the behav-
iors of interest. Therefore, in order to study vWF we require a drastically different
57
approach to elucidate any interesting physics. The approach we will end up taking is
one that will ultimately be not only tractable, but also well-suited for generalization
to other types of molecules in a fashion that allows for facile adaption to tunable
and/or synthetic systems. In order to do this, we must refer to the structure of von
Willebrand Factor.
Like all proteins, vWF has a very specific chemical structure based on an exact
sequence of amino acids.[18] This typically renders proteins very difficult to simulate,
since the non-random sequence yields non-random structural units (tertiary, quater-
nary structure) as well as very specific association behaviors (cystein-cystein disulfide
bonds, RGD units, catch bonds, integrins) that have disparate degrees of complexity.
Typical models of proteins either require all-atom approaches that are computation-
ally intensive or use effective "Go-models" that sacrifice much of the nuance of the
actual structure for the sake of computational tractability.[49, 501
The structure of vWF is fortuitous, however, in that these non-random structural
units (as well as the overall sequence) are periodic in nature. These periods have
been dubbed "dimers" due to their symmetric structure of two "monomers" being
placed head-to-head, and are each completely identical.[18, 19, 20] While it is not clear
how many of these "dimers" are in a typical vWF chain, and the number is variable
depending on physiological conditions, there are commonly on the order of tens of
"dimers" per chain.[18, 19, 20] It is this level of structure that we will ultimately use
in our physical model of vWF, by integrating out lower levels of structure to use a
coarse-grained homopolymer representation. This conceptually arises naturally out of
considering the identical "dimers" as single entities, or macromonomers, in an overall
polymer chain. This type of "multimeric" protein is essentially a homopolymer at
the quaternary level, however the primary through tertiary structures still play a
significant role in the function of vWF and must be considered.[17
At the tertiary structural level, it is known that an individual dimer is structured
spatially as shown in Figure 1-2,[43] with two globular sections being held together
by rod-like sections that meet at a hinge that is held together with disulfide bonds.
Figure 1-2 schematically illustrates the makeup of two individual "monomers", which
consist of a number of named protein domains connected sequentially. [20] Individual
domains contain the various chemical functionalities required for the interactions
between vWF and its surroundings, such as platelets, collagen, ADAMTS13, and
other vWF molecules.[20]
The A3 domain is known for binding to collagen through attachment to the front
face of the domain by the collagen triple helix.[18, 19, 20, 35] Collagens I and III
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Globular section with D'- CK
D3-A1-A2-A3 domains don
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B3-C1-C2
Figure 1-2: a) The spatial structure of two end-to-end vWF "dimers." Most of the
binding domains (Al through A3) are located in globular units, while the other
structural units form a "rod" structure. Figure taken from Singh, et al. [43] b) The
domain structure of a single vWF "dimer", with the various subunits labelled and
binding behaviors indicated. Non-indicated binding behaviors include the interaction
between A2 and ADAMTS13,[29, 30, 31, 32, 33, 34] and the interaction between C1
and integrins.[37] Figure taken from the review by Reininger.[20]
are known to be the types that bind with vWF, and the binding sites have been
approximately mapped through the incorporation of point mutations into the A3
structure.[18, 19, 20, 35, 36] While many mutation locations affect A3-collagen inter-
actions, only a few drastically reduce the affinity between collagen and A3, leading
speculation that the binding is due primarily to the nonspecific hydrophobic effect
coupled to more specific binding sites.[35] A short 9-amino acid sequence has been
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identified as the minimal sequence on collagen to bind to vWF A3, and it is known
that the activity of the domain is strongly regulated by shear forces.[35]
The Al domain interacts strongly with platelets through the GP1ba receptor.[16,
18, 19, 20, 27, 38] This interaction is one of the more well-studied ones due to its
high affinity despite its role in high shear flow processes. The GP1ba receptor is
shaped like a crescent that fits on the Al domain via two separate binding sites at
both the top and bottom of A1.[16, 38] These sites are typically protected through
shear-responsive amorphous protein segments, and while the A1-GPlba bond is still
active at lower shears there is an increase in affinity at high shears.[16] Electrostatic
interactions also aid in coupling of this ligand-receptor pair, as the face of the GP1ba
receptor is negatively charged and the face of the Al domain is positively charged. [38]
The role of this interaction appears to be the capture and incorporation of platelets
into the plug, a process which is the starting point for many of the regulatory signals
that initiate the blood clotting cascade.[16, 18, 19, 20, 27, 38]
The C1 domain carries the ubiquitous Arginine-Glycine-Aspartic Acid (RGD)
sequence that is known as the primary ligand that binds to integrins,[51, 52, 53] and
in this particular case is known to bind to the aIIb,33 integrin that is expressed on
the surface of platelets.[18, 19, 20, 37] This particular interaction serves a slightly
different role than the GP1ba receptor, however, in that its binding lifetime appears
to be much greater (though it still possesses a regulatory role, as determined by
calcium ion measurements).[37] While the GP1ba-A1 interaction performs the initial
"catch" of the platelet from the highly-sheared fluid, it is the aIlb#33-C1 interaction
that immobilizes the platelets at the vWF surface.[18, 19, 20, 37]
Finally, the A2 domain is a force-sensitive domain that dictates the cleavage of
vWF multimers through interaction with the metalloproteinase ADAMTS-13.[29, 30,
31, 32, 33, 34, 54, 55] This is a regulatory process that is most clearly seen when the
tethered ultra-long vWF is degraded upon initial release from the endothelial Weibel-
Palade bodies,[20] but is also a mechanism that is known to occur throughout the
bloodstream as a way to limit the length of vWF and prevent unnecessary thrombus
formation.[20, 29] The force-sensitivity of vWF is known to change the structure of
the domain in a relatively strong fashion due to the lack of cysteine disulfide bonds
that are known to provide structural integrity to the Al and A3 domains.[19, 20]
These constitute the major binding sites in a vWF "monomer", and demonstrates
the versatility of its interactions in a physiological environment once the molecule is
extended. In a quiescent blood vessel, however, these interactions are largely sup-
pressed due to a combination of shear-activated bindings and the centralization of
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receptors in the globular geometry.[17, 21] While these binding sites play a key role
in the interactions of vWF with its surroundings, it is clear that the fluid flow activa-
tion is required in order for vWF to function in its desired capacity. Thus, since the
internal structure of a vWF "dimer" contains the machinery to interact with its sur-
roundings, we will represent these with "effective" interactions and retain the larger
multimeric quaternary structure to understand the fluid flow portion of its behavior.
In the next chapter, we will build up from polymer physics ideas precisely how we
intend to accomplish this coarse-graining.
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Part I
Dynamics of Collapsed Homopolymers
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Chapter 2
Part I Introduction
The current understanding of the von Willebrand Factor structure demonstrates that
there is a possibility to represent the otherwise complex molecule in a rather simple
fashion - a collapsed homopolymer. While this is extraordinarily convenient, this
represents only half of the difficulty in how the problem is treated; the environment in
which vWF operates is as complicated as the protein itself, so we must have a strategy
to provide this context. We choose a perturbation approach that has analogously had
success in understanding vWF's behavior in vivo by starting with a straightforward
in vitro setup (or in our case a highly idealized set of constraints) and incrementally
adding in levels of complexity to both the system and its surroundings.
The starting point for this situation for the work in this dissertation is the con-
sideration of a collapsed homopolymer in an infinite medium under the influence of
fluid flow. Already this imparts the most crucial aspects of our problem into the in-
vestigation: the observed molecule in a quiescent vessel is collapsed, and it activates
in the presence of a fluid flow. Some analogous experiments have been performed
and provide experimental justification and verification for the results of the simula-
tion and theory work given in following chapters.[1, 2, 31 These are done by placing
fluorescently-labelled polymers into a sheared fluid and monitoring their elongation
as a function of shear rate.[1, 2, 3] The surface, despite being present in this case,
can either be modified with collagen (which would interact with extended vWF) or
left undecorated (hydrophilic and non-interacting with vWF).[1] The latter setup is
the one most analogous to the situation at hand, and offers an unadultured way to
probe the conformational behavior of vWF.
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2.1 Coil-Stretch Transitions in Homopolymers
Conformational transitions in homopolymers due to fluid flows is a widely studied area
of polymer physics that has been active on and off for at least four decades.[4, 5, 6, 7,
8, 9, 10, 11, 12, 13] This level of persistence has largely been due to the large number of
applications and physical situations that, at least in their most crude approximations,
resemble the case of a single chain in a fluid flow.[4, 5, 6, 7, 8, 9, 10, 11, 12, 13]
Likewise, the problem tackled in the upcoming chapters borrows from the concepts
first understood in the earliest and most influential theoretical works on the case of the
coil-stretch transition of a E-polymer.[6, 14] In this section we present an exposition
of these ideas and build up to the results of De Gennes and Peterlin that defined the
field.[6, 14]
2.1.1 Diffusion Sans Flow and Hydrodynamics
Polymer dynamics in its most elementary theoretical form was given by Rouse in his
landmark paper.[15, 16] Conceptually, the polymer chain is divided up into a series of
beads and springs using arguments based on the Gaussian nature of a single section
of a polymer chain.[16] These fundamentals are well-known, so we will not expound
upon them here.[16] The beads represent the mass of a segment of the polymer, and
couple to the fluid through a frictional drag given by the coefficient ( that dictates a
proportionality between the force f on a bead and its subsequent velocity v:[15, 16]
f = (v (2.1)
The springs represent the entropic Gaussian springs between the segments i and j at
positions ri and ry respectively with radius b are given by the classic equation: [15, 16]
3kBTf = 2 (ri - rj) (2.2)a2
Summing the forces on a given bead i and substituting in r. = 3kBT/a 2 yields the
equation:[15, 16]
dr~ 3kBT 
__2
b2  (ri - ri -1 - rj+ - ri)+ fi = .2 r + f (2.3)
where the fi term is a random force that satisfies the Fluctuation-Dissipation Theo-
rem and the last equality represents a transformation to the continuous case.[15, 16]
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Incorporating the correct boundary conditions:
( r (ri = 0 (2.4)i / O i i=N
it is possible to obtain to write the solution to the above partial differential equations
as a sum of eigenmodes:
r= cos (? 2 )e-/hxp (2.5)
where the values of x, are the amplitude of the modes, r, are the relaxation times of
the modes.[15, 16] We obtain the characteristic results:
= - N 2 a2  (2.6)
37r2 kBT
where rR = rp=1 is the longest Rouse relaxation time and:
D n = (2.7)N(
where D,, is the center-of-mass diffusion constant. A full derivation can be found
in a number of sources, in particular Doi and Edwards or DeGennes.[16, 17]
2.1.2 The Importance of Hydrodynamics
Before it is possible to tackle the behavior of a polymer theoretically in the presence of
a fluid flow in a correct fashion, it is important to incorporate hydrodynamic coupling
between adjacent monomers.[16, 17] Rigorously, the motion of a single monomer will
create a local flow field that will affect its neighbors. This can be incorporated into
the mobility tensor Upi, which is the generalization of the friction factor ( given above:
vi = iVF3 (2.8)
where for the non-hydrodynamic interacting case the constant friction factor ( can
be expressed as pij = Iij/C, where Iij is the identity tensor. To do this, we use the
Stokes approximation of the Navier-Stokes equation to describe the application of a
point force f6(r) at position r = 0:
r/,V2v + VP = -f (r) (2.9)
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which essentially states that the divergence of the stress is equivalent to the applied
force. This equation, coupled with the incompressibility condition V - v = 0, yields
the result:
pij(r) = 8 I + r] (2.10)
87r?7,|rl r -r
which is known as the Oseen Tensor.[16, 17, 18] In dense systems, this tensor may
be insufficient due to the finite size of the point of force application and subsequent
velocity perturbation (such that the delta function approximation is inaccurate). In
these situations, the point force is expanded in a multipole expansion so that it is
distributed on a sphere of radius a and acts upon a sphere also of radius a:[19, 20]
1(pij(r + 2a))a P pi(r) + (a) -Vp j(r) + -(aa): VVpLij + --- (2.11)
2
This results in the Rotne-Prager-Yamakawa Tensor:[19, 20]
1 + I + 1 r ij >! 2a ( . 2i 4ri,' 3, ri, 2.12)
AO 1 - j I+ _Irji rij < 2a3Ta 32 arij
where po = 1/(67rqa) is the Stokes mobility of a single bead.
These ideas can be incorporated into the calculation of the polymer dynam-
ics upon using what amounts to a mean-field assumption, in a fashion known as
"preaveraging." [21, 22] Rigorously, Zimm rewrote the starting equation from the
Rouse model and incorporated hydrodynamic interactions:[21]
Bri - 82rj -
=Z pij(ri) [ + f] (2.13)
We then make the assumption the preaveraging assumption that we can average the
mobility piit (r 3 ) over all space for a given set of indices i and j:
(p0 = f drij pij(rij)Pe(rij;i, j) (2.14)
where Peq is the probability that the indices i and j will be a distance rij apart. For
the case of a single polymer chain without any forces, we get the equation:
r 
(22r. 1= dj(pij) I +j fj (2.15)
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A full derivation beyond this point is shown in detail in, for example, Doi and
Edwards,[16] but the results are correctly predicted to be:
rz = 0.325,q, R3 (2.16)
kBT
where R = vXb and rz is known as the "Zimm relaxation time".[16, 21, 22] Also:
D.,m = 0.196 (2.17)
,qR
What these relations conceptually indicate, is that while the system is a relatively
dilute polymer coil, the long-range hydrodynamic interactions screen out flow within
the center of the polymer to render it essentially a hard sphere. This can be verified
by looking at both the role of the chain dimension R in the equations for rR and
Dc,, which, except for a proportionality constant, scale in the same fashion as a hard
sphere.[16, 17] What this tends to mean is that, within non-dilute polymer systems,
the dense regions of polymer undergo flow stagnation. This approach, despite its
seemingly-unrealistic preaveraging approximation, yields extremely good results in
both this and even more complicated systems.[16] We will rarely delve into this level
of detail in our treatment of hydrodynamics for the first part of this dissertation,
since we will largely be dealing with dense globules where the assumption of flow
stagnation becomes even more accurate.[23]
Assuming flow stagnation regions is a standard route to dealing with hydrody-
namic interactions in an analytically tractable fashion. A well-known example of
this was the use of a phenomenological extension-dependent relaxation time used by
Pierre DeGennes in his landmark 1974 paper:[6]
_TR
TPDG- 1+u/L (2.18)
where L is the extension length of the polymer and u is a constant of order unity.
At small extensions, u/L >> 1 and Zimm scaling applies (due to the high density of
monomers in this state). At large extensions, monomer density is low and u/L << 1
so that Rouse scaling is obtained.[6]
2.1.3 DeGennes-Peterlin Theory of Coil-Stretch Transitions
The description of a chain as it evolves in a fluid flow was described by DeGennes
and Peterlin,[6, 14] and the concepts described in their papers are still the underlying
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principles for most modern treatments describing the shear response of polymers.
Their treatment is based on the ideas given above, through the incorporation of the
aforementioned phenomnological extension-dependent relaxation time.[6] It is this
relaxation time that provides a time scale for the time evolution of the polymer
through conformational space, which is governed by considering the end-to-end vector
as the descriptive coordinate.
Their treatment posits a distribution function of the end to end vector 4(rF).
At any point within this distribution, the local phase space coordinates govern its
evolution, which is given by:[6]
#(rF)V = qSrF + D [( k(Ff - V4(rF) (2.19)
where the first term corresponds to the externally-applied velocity field using the ve-
locity gradient tensor S, the second term is related to the entropic spring force f, and
the third term is the random Brownian motion contribution. Using the incompress-
ibility of the conformational distribution function, #(rF)V -v = 0, and the assumption
of a linear self-consistently adjusted deviation E(L) from Hookean entropic spring
behavior, it is possible to derive the response of a polymer coil to any arbitrary fluid
flow. [6]
This is essentially the ubiquitous "dumbbell" model that is widely used in the
field of rheology.[4, 5, 24] The dumbbell terminology derives from the formulation of
the problem as relying on the end-to-end distance coordinate; the external velocity
gradient S acts upon points that are a distance IrF apart (the frictional centers of
mass at the ends of the dumbbell), and there is the usual entropic spring force f
acting to push the end-to-end distance rF towards zero. There are essentially two
inputs into this equation to fully define the relationship between the velocity gradient
S and the average extension L - the deviation E(L) = -fNa2/(3kBTL) of the spring
portion of the dumbbell from traditional Hookean behavior, and the relaxation time
TPDG as described earlier.[6] The simplest manifestation of the dumbbell, which is
convenient in that it can be directly incorporated into continuum fluid mechanic
models, is where u = 0 (TPDG = TR) and where E(L) = 1.[24] A great deal of the
literature has worked on elaborating on this basic idea, either by resolving some
amount of detail between the dumbbell beads or by elaborating on the functions for
E and TPDG-[4, 5, 24] In our case, we will tend to avoid this connection with bulk
rheology due to the practical difficulties involved with creating truly dilute and stable
solutions of collapsed polymers.[17]
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Care must be taken to realize the initial assumptions of this model. While the
formalism in its most fundamental form (the evolution of the distribution through
phase space) is extremely general, some of the eventual assumptions require articu-
lation to make sure they are applied in the correct fashion to analogous cases. First
and foremost is the use of the Gaussian chain assumption for the "spring" in the
center of the dumbbell. This makes a very precise statement about the time scales of
the chain's ability to sample phase-space, namely that all conformations have equal
energy and are all sampled on time scales much more rapid than the overall response
to the fluid flow. These statements are related - for example, a globular polymer (we
will find) has an extraordinarily small phase space, however is quite distant from the
area of phase space that is occupied by a stretched conformation. This leads to a
poorly-sampled conformational space that breaks ergodicity while at the same time
minimizing the importance of conformational entropy.
2.2 Experimental Observation of Single Chains in
Flow
The introduction of fluorescently labelled DNA in the 1990's resulted in a resurgence
of research into the flow-response of single polymer chains, which allowed researchers
to visually monitor conformational characteristics of the chains in real time.[4, 5, 9,
10, 11, 12, 13, 25] This is done by incorporating a fluorescent dye into certain types
of DNA strands (most often lambda bacteriophage DNA, A-DNA), which reaches
contour lengths of up to 22 pm.[4, 5, 9, 10, 11, 12, 13, 25] This setup has two beneficial
features; the long length of the polymer makes it visible by optical methods, and the
biological origin of the polymer render it literally monodisperse. This presents an
ideal platform, then, to understand the conformational evolution of a polymer chain
in flow.
The resulting experiments had an immense impact on the ability to directly verify
what occurs to a polymer under shear, and while incredibly the DeGennes-Peterlin
picture remained as the preeminent theoretical description a great deal of nuance was
incorporated into the conceptual understanding.[9, 26] One of the first efforts at this
was using a uniform flow to stretch a tethered polymer by Perkins, et al.,[10] which
demonstrated the potential to visualize both the extension length and the confor-
mational features of individual chains in the context of a dilute system. While the
experimental observations are apparently at odds with the theoretical expectations
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due to the presence of hydrodynamic interactions,[27] Marko and Siggia developed a
full theory to explain these disparities as largely due to the non-uniformity of forces
along the chain contour.[28]
Untethered polymers insfluid flows immediately followed; the same polymers in
elongational flow were observed through the creation of a local planar elongational
flow at the stagnation point of a cross-slot flow geometry.[10] Characterization of a
number of polymers in this situation was done, leading to the direct observation of a
concept described by DeGennes known as "molecular individualism".[6, 10, 11] The
observed evolution of the conformation of a polymer coil in this flow was seen to
bifurcate depending (presumably) on the initial topological conditions of the poly-
mer chain, with different extension behaviors such as "dumbbells", "half-dumbbells",
and "folded" stretching being observed.[10, 11] Furthermore, these different char-
acteristic stretching geometries displayed vastly disparate dynamics, with dumbbell
conformations fitting models most closely while folded conformations demonstrated
strongly-hindered extensions.[10, 11] Subsequent simulation investigations confirmed
the presence of all these behaviors in coarse-grained computer models, where more
detailed statistics of these conformational nuances can be determined.[11]
Likewise, slit geometries can be used to observe simple shear flows in a similar
fashion.[9] In this case, direct verification of the "tumbling" concept was first carried
out.[9, 26] The tumbling phenomenon had been observed prior in simulations, and is
due to an instability along the extending axis that drives the polymer back into the
coiled state.[9, 26, 29] Since extension results in subsequent coiling, and vice versa,
the polymer undergoes a cyclic motion that is directly seen in experiment (see Figure
2-1). Long time visualization of this effect is effectively studied through the use of
the Power Spectral Density (PSD) function that is essentially the Fourier Transform
of the cyclic tumbling evolution through time.[4, 9, 26] Experimental data allows for
the direct calculation of the PSD, and the stochastic nature of the motion becomes
apparent upon the absence of a sharp peak at a maximum tumbling frequency. [26] A
peak does exist upon the correct types of measurement, however the features are broad
enough to only really reflect the existence of a maximum between the two extremes
of zero PSD at high frequencies (where the polymer cannot move quickly enough
to respond) and at low frequencies (where the polymer responds quickly enough to
not register as a perturbation that would manifest in the PSD). The scaling of this
peak with shear rate has been shown to be sublinear, suggesting that the dynamic
process represents a rather complicated interplay between the shear-flow time scale
and the polymer relaxation time scale, with the latter implicitly dependent on the
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conformation. [26]
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Figure 2-1: (a) Polymers in shear flow undergo a characteristic tumbling behav-
ior due to an instability along the horizontal axis where the extended polymer will
reach, through fluctuation, a point at which the molecule is driven back into a coil.
The molecule will thus undergo an oscillation between stretched and unstretched
states. (b) This tumbling process is observed experimentally upon fluorescently la-
beling DNA. Scale bar is 5 pm and the snapshots occur over 6s. (c) The graph of the
PSD as a function of frequency does not show any apparent peaks for any shear rate
(given here by the dimensionless Weissenberg number, Wi). Other graphing methods
show a peak, however such features remain broad and ill-defined. Figures from [10].
Accumulation of the results of these experiments can be directly compared to
theory and Brownian dynamics simulation. Figure 2-2 demonstrates that there is
indeed completely quantitative matching between theoretical results, simulation, and
experiment for the case of a e-polymer extending in shear flow.[4, 13] These results
demonstrate that the theory governing these dilute polymer systems is highly suc-
cessful, and correctly incorporates the relevant physics in an rigorous fashion.
2.3 Globules in Fluid Flow
While the bulk of the attention of polymer physicists has been on the behavior of
e-polymers in fluid flows, a small number of works has sought to address the behavior
of collapsed polymers in fluid flows.[4, 7, 23, 30, 35, 36] This particular case is much
more difficult to realize experimentally, since collapsed polymers will typically only be
thermodynamically resistant to macrophase separation in a temperature window that
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Figure 2-2: Single molecule extensional response to shear and elongational flows,
with excellent agreement observed between simulation (dashed, dotted lines) and
experiment (points). Simulations are run both with and without hydrodynamic in-
teractions, however on a non-log scale with small chain lengths the difference is not
drastic. Figure from [4, 13].
scales with ~ i/v and is essentially negligible for most polymers of high molecular
weight. [17]
Before the latter part of the 2000s, the literature is extremely sparse on this topic
(perhaps the most prominent paper being a study on tethered polymer globules in
uniform flows by Buguin and Brochard-Wyart).[7, 31] This particular situation has
sparked renewed interest, however, due to the relevancy of polymer globule models
to the case of proteins in fluid flow.[1] A number of studies of single-domain proteins
in fluid flows have relied heavily on the concepts of collapsed homopolymers, despite
representing more specifically sequenced molecules (through the incorporation of Go
models, typically).[32, 33] These investigations reveal the presence of nontrivial un-
folding pathways, and the incorporation of hydrodynamics was shown to suppress
unfolding in a significant fashion for both tethered and non-tethered proteins due to
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the highly dense structure.[32]
Studies of the protein von Willebrand factor in particular have renewed interest in
the flow behavior of polymer globules, due to an hierarchical structure that possesses
quaternary structure such that it can be represented as a collapsed homopolymer. We
will, later in the chapter, provide a semi-rigorous argument for the coarse-graining of
this structure, but qualitatively the "dimers" of the vWF structure can correspond
to monomers in the overall polymer chain.
2.4 vWF in Fluid Flow - Experiment and Theory
The realization that vWF extension in fluid flow is one of the driving methods to
regulate the blood clotting cascade has led to a flurry of activity, both experimental
and theoretical, to determine the physics driving the process. Early work by Siedlecki,
et al. was the first to demonstrate stretching at the molecular level, by probing
shear-stretched vWF with Atomic Force Microscopy (AFM) in the proximity of a
hydrophobic surface (shown in Figure 2-3a).[34] While shear-induced stretching was
apparent, the hydrophobic surface was not necessarily representative of the types of
substrates that would be expected in vivo, so direct analogy to the physiological case
is not completely possible.[34]
It was later work by Schneider, et al. that provided a follow up to these results by
using a novel microfluidic setup to examine the shear behavior of fluorescently-labeled
vWF on a variety of substrates.[1] On hydrophilic substrates in buffered solutions,
where there was no attraction of the polymer to the surface and absent any regu-
latory molecules or strong electrostatic effects, a clear-cut globule-stretch transition
was observed.[1] vWF unfolds under flow as per the graph in Figure 2-3b, which
demonstrates that there is a sharp transition at a critical shear rate y* where the
molecule begins to stretch.[1] This demonstrated that the molecule itself will undergo
such a transition, but the crucial experiment was then done where the hydrophilic,
inert substrate was replaced by a collagen substrate (which is known to freely as-
sociate with vWF).[1] At the same critical shear, and following essentially the exact
same trend as the extension, vWF will adsorb to the collagen surface. This is likewise
shown in Figure 2-3b, along with the shear-extension data.[1]
Simulations using the coarse-graining method described conceptually above can
reproduce this behavior. Figure 2-3b inset demonstrates simulations by Alexander-
Katz and Netz that a collapsed homopolymer bead-rod model in the presence of fluid
flow extends with the same trend that is observed in in vitro experiments, and is char-
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acterized by a rapid increase in the unfolding as the shear is raised above a critical
shear rate.[1, 30, 23] This contrasts greatly with a e-homopolymer, which displays a
coiled conformation, and is marked with circles on the Figure 2-3b inset. This par-
ticular transition is much broader, and the critical shear rate of the stretch transition
is a couple of orders of magnitude smaller than the collapsed case. Furthermore,
once appropriate values are plugged into the dimensionless units, the true shear re-
sponse can be estimated to be almost identical to what is experimentally observed.[1]
The quantitative matching between the simulation data and the experimental data
suggests that despite such a simplified model it is indeed possible to reproduce the
underlying physics governing vWF regulation in shear flows.
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Figure 2-3: (a) Atomic Force Microscopy (AFM) image of vWF in both its quiescent
conformation (far left) and its shear-stretched extended conformation (right). Ex-
tension by AFM is also possible (center). Figure from [34]. (b) The experimental
stretching and adsorption behavior of vWF under the influence of shear flows. As
shear flow is increased, there is a critical shear rate above which both extension and
adsorption occurs. This behavior is reproducible in simulation, shown as as open
squares in the inset. This matches qualitatively and quantitatively with experimental
data, and compares favorably with similar simulations where the polymer is no longer
collapsed, shown as open circles in the inset. Figure from [1].
Once simulation and experimental data match, it illustrates the potential rele-
vancy of theory to begin to explain the fundamental principles of these transitions.
Alexander-Katz and Netz first proposed the conceptual picture upon which we will
proceed to elaborate on in the first few chapters of this dissertation.[23, 30, 36] The
mechanism of the globule-stretch behavior is pictured as a "nucleation-protrusion"~
phenomenon; a thermally activated protrusion from the surface of a globule can be
stretched if it is long enough that the drag due to the fluid flow is larger than the
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cohesive energy holding the protrusion near the globule.[30] The authors use a scaling
argument to describe the relation between the critical shear rate -* and the cohesive
energy of the globule As = Au/(kBT).[23, 30] They derive a cohesive force on the
protrusion fcoh of length 1:
fcoh ~ kBT Afi(l/a)a-l (2.20)
a
Where a is the radius of a single monomer and a is a phenomenological coefficient
that is a function of the interfacial width of the globule. This force must be equivalent
to the drag force fOt at the globule-stretch transition, which is shown to be:
f lrot ~ /(apoR) (2.21)
where yo = 1/(67rrsa) is the Stokes mobility of a single monomer and R is the globule
radius. The resulting scaling law for a globule-stretch transition upon the inclusion
of hydrodynamic interactions is given by equating fpt = fcoh:
y*r ~ Ail4 "/R/a (2.22)
where we have incorporated the diffusion time of a single bead as r = a2 /(kBTpo).
This scaling relationship is strongly dependent on the permeation of flow into the cen-
ter of the globule; due to hydrodynamic interactions, the flow within the dense globule
is largely screened such that it appears to the applied flow as a hard sphere. There
is inevitably some permeation of the flow along the edges of the globule, however,
which leads to marked decreases in the scaling coefficient. [23, 31] Once this factor is
accounted for, the scaling predicted by theory is indeed observed in simulation.
This represents the first truly comprehensive and predictive theory governing the
flow behavior of homopolymer globules, however it represents the limited case of shear
flows. We will build upon these ideas in the coming chapters to fully map the case of
a homopolymer globule in any arbitrary fluid flow.
2.5 Mapping vWF from Biological Structure to
Physical Model
As described in the introduction to this dissertation, von Willebrand Factor has ex-
tremely complicated structure, largely due to its very specific amino acid sequence
that drives structural formation on a number of disparate length scales.[37] Con-
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veniently, however, these different length scales are disparate enough to permit the
tentative adoption of some assumptions that can vastly simplify the underlying phys-
ical picture. We can rigorously show what assumptions are necessary to coarse grain
such a polymer, and gain some insight into the physical parameters we can ultimately
elaborate on as we increase the complexity of our model.
To accomplish this, we introduce a Hamiltonian that accounts for both chain
connectivity and monomer-monomer interactions:
KN 01N N
R = NO + R1 = |ri - ri_1- 2a)2 + -E ZAijo(ri - rj) (2.23)
i=2 i=1 j*i
where Aij is the N x N matrix describing the interaction strength between monomers
i and j and accounts for sequence effects. We note that this matrix is symmetric,
and we assume that the matrix elements only depend on the radial distance Iri - r|
between i and j. We have approximated their radial interaction dependence as a
short-range 6-function, which we do not expect will have a measurable impact on our
results. We focus on the second term R 1, which we rewrite in the continuum limit:
'U=1 NN1 = - ds fNds'A(s, s')J(r(s) - r(s'))=2 J 
=
1 rNN
= - ds f ds'A(s, s') dro(r(s) - r)6(r - r(s')) (2.24)
Where we have made the replacement of sums by integrals over the chain contour
variable s. Since we are dealing with a a polymer that, while sequenced, repeats over
identical "dimers" of length n, we can rewrite the above equation as:
N r* r*H 1 =- J ds ds'A(s, s') dro(r(s) - r)6(r - r(s')) +
2n I o
N/n i(n+1) j(n+1)
+ E ds J ds'A(s, s') dro(r(s) - r)6(r - r(s')) (2.25)
i=o,j>i fin
We have thus grouped the interactions into N/n self-interaction "intra-dimer" terms
and N(N-n)/n "dimer-dimer" terms. The former terms will, upon coarse graining, be
at constant energy and thus represents an additive constant to the Hamiltonian that
we will subsequently ignore. The latter terms are important, though technically not
identical in that they may have differing relative centers of mass, however the form
will indeed be the same with respect to this variable. We now write our updated
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Hamiltonian between beads i and j:
' = fi") ds fi") ds'A(s, s') f dr6(r(s) - r)6(r - r(s')) =
= f"i(n+) ds fn+) ds'A(s, s') f dcrf dc'6(c(s) - o)6()'(s') - c')6(c - - rCOM) =
= i(n+) ds f (n+') ds'A(s, s')P(s, s', rcoM) (2.26)
where
P(s, s', rcoM) =f do f do'6(a(s) - a)6(c'(s') - r')6(o - c' - rcoM) (2.27)
This Hamiltonian can be written in tensor form as:
1= A: P = iA: P (2.28)2
where the last equivalence involved defining = A/(2ii) to obtain a scaling factor
that controls the overall degree of attraction between the two "dimers." This form is
instructive, but represents only a single conformation {r(s)}. To obtain the overall
interaction energy between the two segments, we consider a free energy functional:
f DriA : Pe-:P
[ = .. = jA : (P(rcom)) (2.29)f Dre-"^=P
where we have factored out the conformation-independent values f2 and A and the
angled brackets represent an average over all possible conformations. This is essen-
tially an "overlap integral" representation of the density distributions of two adjacent
"dimers", so while we don't know the exact form of this potential we can at least
make a few general comments about it. At large distances rcoM, this free energy
will be essentially zero due to a lack of overlap between the two chain sections. As
the chain sections get close, the favorable interactions become possible so there is a
decrease in the free energy. Since we consider a free energy, however, we note that as
the "dimers" start to impinge significantly there is a large decrease in the number of
possible conformations due to steric effects. This results in a large and presumably
near-infinite increase in energy to well above zero. While we don't know the form for
this potential, we do know that absent electrostatics it is short range (due to the use of
the 6-functions). We thus use a common short-range potential to phenomenologically
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represent these interactions through the introduction of a potential:
Fphen,ij =ifh(rij) (2.30)
kBT
where ii replaces the tensor double dot product XA: (P(rcom)), and is approximated
by a Lennard-Jones type potential with depth of 1kBT:
( 2a' i2ai
f(rij) ~ - -2 - (2.31)
ij 'ij
where a is the approximate size of the vWF "dimer". We use a Lennard-Jones type
potential since it satisfies the characteristics expected for the free energy conceptually
described above, and polymer models using this potential are well-studied. Combin-
ing this result with the connectivity between adjacent "dimers," we can obtain an
interaction potential that represents a single vWF molecule in a coarse-grained fash-
ion:
NFN 12 61io:N N jf- 2a\1 ( 2a \i
UvWF = i,i-1 - 2a) 2 + E 5j- - 2 - (2.32)
i=2 i,j>i . r / ij
This is nothing more than a bead-spring model of a polymer, which is a standard
representation of a homopolymer in Brownian dynamics simulations.[4, 5, 24]
2.5.1 The Ergodic Hypothesis
By far the most dubious assumption that we have made in putting together this
model is an ergodic assumption - that time averages of the interaction energy can be
replaced by averages over possible conformations. Effectively, the assumption is that:
f 'DrPe-6X :P 1 T
re-6X: 7 f dtP(rcoM, t) (2.33)
For constant values of rcoM, the right side of the equation converges to the left side
as T -+ oo, usually over some finite time scale r and substitution of one for the other
is possible. The caveat for the replacement of the left side to represent the right side
of the above equation in our coarse graining is that the center of mass is not fixed
(arcoMlt * 0). In fact, it moves through diffusion with a characteristic time scale
-rD = 67r/sa31(kBT). The above equation can only be considered representative of
the actual system if we make the ergodic assumption that r << rD. For the first part
of this dissertation, we operate under this assumption, however we will revisit this
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behavior in part II.
2.6 Simulation Methods
As we showed in the previous section, it is possible to write a coarse-grained rep-
resentation of the polymer molecule as essentially a bead-rod model that treats the
complicated interactions between adjacent dimers through a potential of mean force
that averages over the possible orientations and sets of interactions to find the average
free energy for a fixed separation distance r. This enables us to write the a general-
ized pair potential assuming that we can say that there is a separation of time scales
such that the "dimers" explore all relative orientations before the overall "dimers"
undergo center-of-mass diffusional motion. We end up, therefore, representing our
system using a Brownian Dynamics simulation.
The polymer is modeled as a chain of N beads of radius a, interacting through a
potential U given by
U K N-1
= - E (r+,i - 2a) 2 +kBT 2 i=1
i Z ((2a/ri,)1 2 - 2 (2a/ri,5)6 ) (2.34)
where rij is the distance between beads i and j. The first term accounts for the con-
nectivity of the chain, with the bead-bead spring constant r, chosen to be > 100/a 2
such that there are negligible deviations of the distance between adjacent beads from
2a. The second term is a Lennard-Jones potential that acts between all beads. The
strength is given by the parameter ii = u/(kBT), which is the dimensionless interac-
tion energy, and provides the depth of the bead-bead interaction well. This is often
normalized by the interaction energy required to counteract entropy and collapse a
polymer from e-conditions, its, which defines the collapsing energy Ait = ii - fis. The
collapsing behavior of it has been well studied previously, [23, 30] and we consider
only values of it that are collapsed beyond the e-condition of the polymer coil. The
dynamics of the chain is governed by the Langevin equation
ri = v(ri) - pij - Vrj U(t) + (i(t) (2.35)
where ri represents the position of bead i. The mobility matrix pgij accounts for
hydrodynamic interactions between particles. We use the aforementioned Rotne-
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Prager-Yamakawa tensor, [19, 20] which accounts for the finite size of the beads:
3a 2a 2 \( 2a2 rr
1ui-s.~ 1+ -- I+ 1 - ~ r i > 2a (2.36)=r r 2a
YO 1 - 9- I+ . rij 2a-ar 13
(; is a vectorial random velocity that satisfies ($j(t)(j(t')) = 6kBT 1 Ij6(t - t').
The velocity field v.(r) is the undisturbed velocity profile, for which we consider
a linear combination of shear and elongation in the x-y plane:
v.(r) =
0 4 0 0
0 0 0 + R(o) 0 -i 0 R-'(Eo) r (2.37)
0 0 0 0 0 0.
where 4 is the magnitude of the shear flow, e is the magnitude of the elongational
flow, and 6 0 is the angle of rotation of the elongational flow profile in the x-y plane
with respect to the flow direction of the shear profile (see Figure 2-4 for a schematic).
R(E) is a rotation matrix given by:
cos (6 0) -sin (e0) 0
sin (Eo) cos (e0) 0 (2.38)
0 0 1
In reality, we have over-parameterized this system; traditionally, it is known that any
local two-dimensional flow can be completely described using only a combination of
a rotational flow cD and an elongational flow i. This is the convention used by the
landmark De Gennes paper, and similarly by a number of other authors. [6, 29, 38] We
adopt our equivalent approach, however, to retain a clear connection to the previous
work in this area at the limits of no mixing (pure elongation or simple shear). This
also allows us to focus on the half of rotation-elongation space where the magnitude
of elongation is always larger than the magnitude of the rotation, since if the inverse
is true it is well known that stretch transitions cannot occur. This will allow us to
examine more clearly the nature of these transitions, since in rotation-elongation space
high-shear conditions may lay indistinguishibly close to the i = C' line. Ultimately,
we develop this theory such that it is independent of the underlying fluid flow, and
show that it is applicable regardless of the choice of basis (eg. for any value of 6 0).
Derivation of the resulting behaviors in the traditional rotation-elongation plane can
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Fig. I
Figure 2-4: Schematic demonstrating the relative orientation of the flow profiles. Both
an elongational flow field (black streamlines) and a shear flow (red streamlines) can
be superimposed. We characterize the relative orientation of the two by rotating the
elongational flow field by an angle 6 0.
be trivially accomplished by the replacement -y -+ (1/2). + (1/2)e for the 6 0 = 7r/4
case.
The simulations are performed by integrating a discretized version of equation 2.35
using a time step At = 10-4 where r is the characteristic monomer diffusion time r =
a2 /pokBT, and po is the Stokes mobility of a sphere of radius a, yo = 1/(67rqa), where
q denotes the viscosity of the fluid. The total number of Langevin steps simulated at
each particular condition is 3 x 107. The starting conformation of the globule is taken
from the coordinates of a chain that has been collapsed. The rearrangement time of
these globules is typically <106 simulation steps, so we consider the properties of the
globule in each simulation to be independent of the initial conformation.
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Chapter 3
Dynamics of Collapsed Polymers in
Elongational Flows
3.1 Introduction
There is a strong research interest in understanding the dynamic behavior of single
polymer chains in solutions, including those undergoing an elongational flow. [1, 2,
3, 4, 51 This interest has stemmed from the interest in technologies such as viscosity
modification, [6] turbulence drag reduction, [1, 2, 7] and single-chain control in the
emerging field of DNA analysis in microfluidics. [8, 9, 10] The existing literature over-
whelmingly considers the behavior of polymer chains in good or e-solvent, however
we have shown in the previous sections that the alternative case of the dynamics of
collapsed chains is also an interesting phenomenon. [11, 12, 13] We have established
that a combination of simulation and experimental results strongly suggest that the
activity of the protein von Willebrand factor (vWF) relies upon the hydrodynamic
characteristics of collapsed globules in flows due to its identity as a globular, multi-
meric protein. [14, 15] This particular case plays a vital role in the context of clotting
and coagulation in small blood vessels, [15] and we further expect that this sort of
hydrodynamic regulation is abundant in nature since many biological molecules are
subject to self-association and hydrophobic type forces that collapse these macro-
molecules into sub-coil dimensions.
The mechanism that facilitates this sort of behavior is very different from the clas-
sical coil-stretch transition, which in simple shear demonstrates a continuous increase
of its average extension with increasing shear rate, [3, 13, 16] and in simple elongation
demonstrates a drastic (but still continuous) increase of its average extension with
93
increasing elongation rate. [3, 6, 17, 18, 19, 20, 21] These mechanisms rely on the
entropic driving force to relax back to a coiled state, and is generally characterized
by the dimensionless Weissenberg number (Wi), which compares the relaxation time
of the polymer to the rate of deformation. [3, 5, 18, 22] This opposition to stretching,
however, becomes secondary to monomer-monomer interactions in the case of a col-
lapsed polymer. The analysis of the globule-stretch transition in shear precedes the
work in this dissertation and was outlined in the previous chapter, and it explains
the presence of a sharp transition in the presence of a shear flow. [11, 13] This case
is particularly interesting, since the deformation of an unconstrained globule can be
relaxed by rotation in the flow, and thus the absence of such a transition is predicted
for droplets with a viscosity much higher than the surrounding medium. [26] Nev-
ertheless, a transition is seen and can be predicted by considering the presence of
thermal fluctuations that excite chain protrusions extending from the globular sur-
face. [13] When the hydrodynamic drag forces overcome the restoring cohesive force,
spontaneous stretching of the polymer chain occurs. This result has been considered
in both the free-draining (FD) and hydrodynamic interacting (HI) cases. [13]
In this chapter we present the analogous analysis for the case of a collapsed chain
in an elongational flow field. Consideration of this condition allows us to more thor-
oughly understand collapsed polymer behavior in more complex flow geometries, as
most flows can be considered to have some combination of shear and elongation. In-
vestigation of this phenomena could further elucidate biological processes, such as
blood clotting, which take place in the presence of strong flow fields. In this con-
text, recent work has suggested that the response of collapsed biological molecules is
strongly linked to gradient shear rates, which implicitly indicates a strong unfolding
response of these proteins in extensional flows. [27] Also, extension represents an in-
teresting case in and of itself, since it no longer contains the rotational components
present in the shear flow that allow for the relaxation of the stresses. Instead, in-
vestigations by Stone and Leal into the elongation of droplets have shown that this
energy is dissipated through the deformation of the droplet shape up to the point of
spontaneous droplet breakup (or in our case, full chain elongation). [28, 29, 30] While
this behavior does not seem to diverge at a maximum viscosity ratio like the shear
flow case, the extension required for droplet breakup increases very quickly. Here
we propose mechanisms for the transition of a polymer globule to an extended state
upon application of an elongational flow, and draw analogues to the same transition
upon application of a shear flow. We show that the classic coil-stretch transition is
suppressed via intrapolymer interactions, and the polymer remains in a completely
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collapsed state until a critical extensional flow rate e*is attained. Upon reaching this
point, the coil spontaneously undergoes a globule-stretch transition. The magnitude
of e* is strongly influenced by the assumption of either the FD or HI conditions, and
can be understood using simple scaling arguments. This behavior is completely anal-
ogous to the shear case, since it reasserts the result that hydrodynamic stability of
polymer globules is controlled by both temperature and monomer size, which is not
the case in classic droplet theories. This assertion is corroborated by Nature, which in
the case of vWF has designed a polymer globule with uncommonly large "monomer"
units to facilitate the unfolding of globules under physiological conditions.
Beyond the scaling arguments supporting our mechanism, we also analyze the
dynamics and topology of the unraveling chains. This supplements the large amount
of work done in recent years that has contributed to the interplay between the un-
folding of coils and the so-called "molecular individualism" due to the initial chain
topology. [2, 4, 10] This approach analyzes separately the variety of ways that coils in
elongational flows can unfold, categorizing them into dumbells, half dumbells, kinks,
etc. This conformational variety has profound implications on the use of bulk mea-
surements, in particular birefringence, and other applications such as DNA sorting
where the unconventional distribution induced by elongational unfolding dynamics
broadens otherwise accurate measurments. [2, 8] The case of collapsed polymers is
less general and we show that, while some of these topologies do play a role in the
extension dynamics (which tend to show the predicted exponential increase of chain
length up to maximum extension), they more importantly serve to provide insight
into the mechanism of the globule-stretch transition. Variation in topological ef-
fects appear to only profoundly influence the FD case when there are low interac-
tion strengths, and both kinked and dumbell conformations appear. The protrusion
and intrusion-fluctuation mechanisms presented effectively limit the dynamic path-
way through which the polymer globule extends, resulting in only half-dumbell and
dumbell conformations respectively.
Finally, we investigate the elongational viscosity of a dilute solution of collapsed
polymers considering a variety of conditions. This has potential impact on the field
of turbulence drag reduction, which is though to be caused by the strong increase in
elongational viscosity due to coil-stretch transitions in polymers. [7, 23, 24, 25] There
is a large amount of literature that investigates the elongational viscosity of the coil-
stretch transition, [3, 6, 10, 17, 20] and we find analogous data for a collapsed polymer
solution except for the appearance of a discrete jump from an otherwise elongation
rate-independent viscosity to an elongation rate-independent viscosity that can be
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> 2 orders of magnitude larger (and increases exponentially with the length of the
polymer). This result provides the exciting possibility of providing drastic turbulence
drag reduction or (more generally) as a way to create highly controllable discretely
elongation-rate dependent viscosity fluids.
3.2 Results and discussion
3.2.1 Elongation Flow-Induced Unfolding
Previous work in this field has demonstrated, using this same simulation method,
the conditions required to obtain e-conditions and collapsed chains by adjusting the
strength ii of the bead interaction potential. [11, 13] We use the value of i = 0.41
as representative of the e-condition, which is where the favorable polymer-polymer
interactions balance the excluded volume interactions. Increasing i6 above this value
results in the formation of a collapsed polymer globule, as indicated in our previous
investigations into this phenomenon. [11, 13]
To characterize the unfolding events in this elongational flow as a function of both
chain length N, dimensionless elongation rate eT, and interaction energy i, we will use
the magnitude of the end-to-end distance RF as the measured variable (see the data in
3-1). After allowing the polymer to relax to equilibrium, er is slowly increased from
c.a. 10-4 to 1. Averages of RF are then calculated at each condition. 3-1 shows the
result for a variety of different values of ii for both the FD and HI case. The near-e
coiled state in FD ( 3-1, i = 0.41) demonstrates a distinct but continuous increase in
size as a function of the flow rate, which agrees with the multitude of experimental
and simulation results measuring this behavior. [1, 2, 17, 18, 38, 40] Behavior quickly
changes, however, when the interactions are strong enough to cause chain collapse.
Qualitatively, as can be seen by the videos available in the Supplemental Information,
the observed state upon unfolding is different for elongation as it is for shear. Most
importantly, while the rotational component of shear causes the chain to "tumble" and
oscillate between collapsed and stretched states, [5, 35] the elongation deformation
is irreversible as there are no dynamical pathways to retain its collapsed state. This
results in a truly discrete jump from the collapsed to stretched state, with no stable
intermediate. Points on this plot that are in the intermediate zone between fully
collapsed and fully stretched simply represent the average over a time period where it
spent some amount of time in both states, and essentially the only time this value was
attained was during the dynamic process of unfolding, which is discussed later. Also
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Figure 3-1: The average end-to-end distance ((RF)) of a polymer as a function of the
elongation rate e-r and interaction energy u~ between segments, taken from Brown-
ian dynamics simulations of 50-bead chains. Both freely-draining (solid lines, closed
symbols) and hydrodynamic interaction cases (dotted lines, open symbols) are con-
sidered.
demonstrated in the movies is a small amount of shape deformation for the globule at
high (but still sub-e*) flow rates, however this qualitatively is small compared to the
aspect ratio reported in the literature for drops before drawing occurs, [28, 29, 30]
suggesting that globule-stretch transitions occur via a different mechanism. This
leads us to the development of our own theory, analogous to the shear rate case, to
describe the globule-stretch transition in both the FD and HI situations.
3.2.2 Intrusion Fluctuation Theory for FD Case
In our previous work, we introduced a protrusion nucleation scaling theory for the
stretching transition for shear. [11, 13] This was based upon the observation that
globule unfolding in the simulations was always preceded by protrusions. This is
a fundamentally different system, however, and we observe from simulations that
the stretching transition can be markedly different. We first consider the FD case,
which displays different behavior at high versus low interaction energies A&6 At low
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interaction energies there is a distinct lack of protrusions (or any other distinguishing
topological features) and the shape of the globule is drawn into an ever-increasing
ellipsoid until the chain is fully elongated. 3-2a provides a diagram of the geometry
considered in the stretching mechanism for this case. We propose the characterization
of this transition as the point where the elongational forces overcome the polymer
surface tension. The force holding together the globule Fcoh can, in the regime of
small deformations, be written as: [36]
kTh- Aiir (3.1)kra2
where r is the deformed radius of the bead and y = kTAii/a 2 is a characteristic surface
tension per bead. Here we introduce a reduced interaction energy As = ii - fis. This
correction subtracts the portion of ii that accounts for the decrease in conformational
entropy lost upon collapse into the globule, since -y does not contain this term.This is
calculated as described by Alexander-Katz and Netz. [13]This force competes against
the drag force due to the imposed elongational velocity field, F = v/peff, where the
inverse mobility yLj1 must be proportional to the number of beads N (due to the free
draining assumption), and the undeformed globule radius R due to the integration of
the flow field over a hemisphere: (Fric):
aNrqi fJ xdV
Ffric ~ R 3  ~ iNaR (3.2)
At a critical elongation rate e*, Ffic = Fcos:
kTAitr
a2  ~ iNaR (3.3)
By considering small deformations where r ~ R, we get the result:
2*r ~ (3.4)
N
The underlying assumption of this treatment is the presence of a quick rear-
rangement rate such that there are negligible internal globule rearrangement times
required to provide a smooth globule breakup process that is fluctuation-independent.
The internal motion of the globule, however, decreases significantly upon increasing
the interaction between the monomers. This yields the foundation of the other FD
regime of interest, where shape deformation alone is not sufficient to cause droplet
breakup. At higher interaction energies, we propose an "intrusion" nucleation theory
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anisms proposed in this article. (a) represents the FD case at low values of As. The
dashed boundary to the globule, as well as the large blue flow arrows, indicate that we
are considering the FD condition. Each hemisphere (separated by the dotted block
line, radius R) feels an opposing drag force Ff~c, which is counteracted by the force
Fcosh due to the surface tension (represented by the red arrows). (b) represents the
FD case at high values of Ail. The globule now divides into two non-equivalent lobes,
at a plane that is a height h < R from the top of the globule. The cohesive force
holding the globule together now acts along this plane, yielding a different Fch (again
represented by red arrows). The flow still penetrates the entire globule, but now the
small lobe is the only one of interest in our analysis. (c) represents the HI case.
The center of the globule now has a solid boundary, representing the hydrodynamic
screening that causes flow stagnation at the globule center. The globule now only feels
the flow at the outer periphery, which is of thickness A. The Fcon is now represented
by a per-monomer surface tension which acts along the length of the protrusion.
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to describe the behavior we observe in the simulations. Essentially, this theory is
analogous to the behavior studied previously for shear flows, [11, 13] however instead
of considering fluctuations in protrusion length we consider fluctuations in the overall
globule shape. The geometry for this case is schematically represented in 3-2b. We
begin by introducing a cohesive force acting upon a given plane whose normal vector
is in the direction of the elongation:
Fco kT (hR)1 2  (3.5)
a2
where h < R is the distance along the elongation direction from the top of the globule
to the plane. The portion kTA6i/a 2 is analogous to the -y term in equation 3.1, while
the (hR)1/ 2 ~ (R 2 -(R -h) 2)1/2 portion represents the circumference of the plane over
which -y is acting. This plane divides the globule into two non-equivalent lobes. This
force is counteracted by the drag force that is pulling the two lobes (for simplicity,
we analyze the smaller lobe as indicated in 3-2b):
Fpror N, f-h z(R 2  z2)dz &rR2h2  (3.6)
I'o f- _(R 2 _z 2 )dz as
where x is the elongation direction, and N, ~f (R2 - z2)dz/a 3 number of beads
in the portion of the globule above the plane at height h. From the equipartition of
thermal energy, it follows that h2 ~ R 2Aii- (a comparison of the cohesive energy of
the excess surface area 47th 2 due to lobe creation versus the original surface area of
the globule 47rR 2). We can then set Fpt = Feoh and obtain the result:
Af67/4a3 Agr7/4
__r_~_R ~ Ni4  (3.7)R3  N
This model considers that there are random thermal breakups and formations of
the globule, similar to capillary instabilities. If these separate the globule into large
enough "nodes", the cohesive nature of the globule will be compromised and it will
extend. Essentially this is similar in spirit to the protrusion mechanisms, only in
the extreme that the protrusions are large and are formed "underneath" the usual
globule surface. It is instructive to notice the transition point between these two
models, which occurs at ca. lkT. This is the point at which h 2/R 2 ~ 1, so the
breakup is no longer limited by the fluctuations in intrusion lengh (typical intrusions
will span the entire globule radius) at lower interaction strengths and the e* ~ Ail'
scaling is obtained.
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As shown in Fig. 3-3, both of these theories are supported by the simulation re-
sults. The highest elongation rate at which the globule appears collapsed in Fig. 3-1 is
plotted as the dimensionless critical elongation rate i*rN on a log-log plot (Fig. 3-3)
versus the interaction energy, ii. The scaling of the flow rate with the interaction
energy consistently follows the predicted e* ~ fL relationship for low interaction en-
ergies, and the predicted 2* ~ Au7/4 relationship for high interaction energies. The
N scaling is used to reduce the critical elongation rate, and the subsequent collapse
of the curves onto one single universal curve corroborates our scaling arguments in
this respect as well. The N scaling provides the intuitive result that large polymer
globules require less flow rate to undergo a globule-stretch transition. Finally, given
the definition of r = a2/(pokBT) = 67rr/a 3/(kBT),we obtain the result that 2* ~ a-3 for
both high and low interaction energy regimes. This corroborates the result obtained
in previous work that suggests that the size of the monomer is an important factor in
determining the stretch transition, and is a possible reason for the structure of pro-
teins such as vWF (which has a monomer size on the order of 100 nm). [11, 13, 14]
3.2.3 Protrusion Nucleation Theory for HI Case
Upon consideration of hydrodynamic interactions in the unfolding behavior of col-
lapsed polymer globules, there is a drastic increase in the critical elongation rate e*
as seen in Figure 3-1. This behavior is likewise seen in the case of shear flow, and is
due to the effect of hydrodynamic screening. Figure 3-4 provides the average flow
profile surrounding a globule, and the accompanying graphs demonstrate the critical
feature. Due to the interactions between the polymer and the surrounding fluid, the
velocity of the fluid essentially drops to zero at the surface of an effective sphere sur-
rounding the globule. This results in a globule that effectively becomes isolated from
the surrounding flow field. The globule-stretch transition now relies on the ability of
a thermal protrusion to exceed this low-flow regime and to be pulled with the external
field with sufficient force to overcome the cohesive force. The geometry of this case
is represented schematically in Figure 3-2c. To derive this relationship, we start with
this cohesive force for a single monomer:
Fcoh ~ kT (3-8)
where a introduces the dependence of the cohesive force on the length of the protru-
sion with respect to the interfacial width, with a = 1 representing a protrusion much
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Figure 3-3: The scaling behavior of the critical elongation rate i*r versus the inter-
action energy Au taken from Brownian dynamics simulations for chains of varying
length using the FD assumption. Two scaling regimes are seen, with e* ~ A61 at low
interaction energies and e* ~ 1 .75 at high interaction energies. Results are shown
for N = 50 (black squares), N = 100 (red circles), and N = 200 (blue triangles). The
dashed purple lines represent the best fit lines through the data, while the solid black
lines demonstrate the slope predicted by the scaling argument. The slopes for the
best fit lines are in excellent agreement with the theoretical prediction.
102
N
E 500
0 100
Slope = 1.60
longer than the interfacial width and a = 2 representing a protrusion that is shorter
than the interfacial width (the harmonic approximation). This is balanced against
the hydrodynamic force on a protrusion of length 1:
Fprt = p-f f - (dl/a) (3.9)
This equation requires the knowledge of the velocity profile V, which we model as a
hard sphere in an elongational flow profile. This can be derived using the method of
Hasimoto to be: [37][ 5R3 3R\ ( ( 2  2  15 (R 3  R5 ))]
e(3az -r" 2  4r3 + 4 r +rz (rzr +r+r; rarz)Jz) \( 4 \r5 7 /
(3.10)
where the constant R is the radius of the sphere. This flow profile agrees with the
data obtained by the simulation, as shown in Figure 3-4. We will assume that the
length of the protrusion 1 is very small compared to the overall sphere radius R, and
we can thus use an expansion of this profile along the z (extensional) axis. This
results in a scaling of the form:
F t ~rjI|R (3.11)
p ot aR
Setting this force equivalent to the cohesive force at a critical elongation rate e*, and
introducing the relationship 1 ~ kT/Foh:
i*r ~ ~/l N1/3A4/ (3.12)
a
where we have made the replacement R ~ N 1/ 3 a. We note that this scaling law is
identical to the one given for shear flow unfolding with HI, [11, 13] a result that
demonstrates the similarities of both flows around the sphere.
The simulation data shown in Figure 3-5 presents a slightly different scaling (we
will assume that in the above scaling law the interface is diffuse so we use the harmonic
approximation and set a = 2), with the log-log plot of e*T versus u demonstrating
scaling relationships of e* ~ uO and e* ~ NO, where ,3 transitions from 1 to 2 depending
on the interaction energy A. In analog to the shear case, we explain this difference
in the context of a partially-penetrable globule. This approach is similar to the
"f-shell blob" model by Rzehak, et al. which demonstrated that the behavior of
tethered polymers in flows could be described by blobs modeled as impenetrable beads
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Figure 3-4: The average flow profile surrounding a collapsed polymer globule (Ais =
3.0) in a sub-i* elongation rate of 0.082 1/r. The graphs on the right quantitatively
compare the actual flow profile obtained from the simulations and the theoretical
flow profile from equation 3.10 to the applied elongational flow profile. The fit of
the theoretical flow profile to the simulation data yields the effective hydrodynamic
radius of the globule, which is indicated in the figure on the left as a translucent blue
sphere. Note that the radius of the effect of hydrodynamic stagnation represented
by this sphere is smaller than the radius of the actual globule, which supports our
assumption of a region of flow penetration into the globule.
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Figure 3-5: The scaling behavior of the critical elongation rate e*r versus the inter-
action energy Ai6 taken from Brownian dynamics simulations for chains of varying
length considering HI. A gradual transition between two scaling regimes is seen, with
i* ~ A 1 at low interaction energies and i* ~ A6 2 at high interaction energies. Re-
sults are shown for N = 50 (black squares), N = 100 (red circles), and N = 200 (blue
triangles). The dashed purple lines represent the best fit lines through the data, while
the solid black lines demonstrate the slope predicted by the scaling argument. The
slopes for the best fit lines are in excellent agreement with the theoretical prediction.
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surrounded by freely draining shells. [41] In this case, we obtain the expression for a
partially penetrable sphere that provides an intermediate case between a completely-
shielded globule and the FD case considered above. In order to determine this, the
velocity profile equation as it is used in the protrusion drag situation given above
is adjusted to account for a hydrodynamic radius that is smaller than the actual
polymer radius:
1 fR+l R 3 R\ R+1
Fprot" vzdz r2+5 HI (3.13)
ago 2ayo r r3
where R is the radius at the base of the protrusion (the globule radius), RHI = R - A
is the radius of the equivalent hydrodynamic sphere, and 1 is the protrusion length.
In this case, if we assume that both A and 1 are small, we can expand the result of
this equation to obtain the scaling relationship:
el (A2 + Al + 12/3) (3.14)
poaR
Notice that as we approach the condition of A ~ 0, the we obtain equation 3.11. At
the opposite limit of A > 1, a different scaling dominates. Reconsidering this equation
in relation to the theory developed above, we obtain:
Ni/3 a2 gig2/a (3.15)
CT"' A2
We can again consider a broad interface that conforms to the a = 2 harmonic approx-
imation. By considering penetration, we see that it is expected that the scaling of Asi
with e*r will vary smoothly from 1 to 2 depending on the relative size of the critical
protrusion length and the depth of flow penetration. This relationship is evident in
our simulation results, which demonstrate a gradual shift from limiting slopes of 1
for low values of Aii and 2 for high values of Ai. We consider that the globule at low
interaction strengths is very diffuse and demonstrates the expected scaling for the
e*r ~Ai case, since there is a lot of room for solvent to penetrate the globule. Only
at very high interaction energies does the globule retain a sharper interface, and the
scaling starts to change towards the e*r ~ A 2 case predicted for the non-penetrating
case. Interestingly, this particular scaling argument depends very weakly on the size
of the globule, and this relationship predicts that larger globules are more resilient
to larger flow rates. This differs drastically from the FD case, where larger globules
require less flow rate to excite a globule-stretch transition. In the transition from the
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HI to the FD case, however, we note that the previously-derived equations were only
valid for the condition A,1 << R. As A approaches R, A becomes a function of N
and the above analysis no longer holds. Upon the condition that A ~ R, we expect
the FD scaling to be obtained. One result of this transition from HI to FD, which is
described for the shear case as well, [11, 13] is an implicit change in the scaling of e*-r
with N. This explains the apparent scaling exponent of 0 seen in our simulations, as
this value lies between the predicted exponent of 1/3 for the HI case and -1 for the
FD case.
It is instructive to compare this particular flow profile versus the behavior in shear
flow as described previously by Alexander-Katz and Netz. [11, 13] It is commonly un-
derstood that globules or drops in shear flows can dissipate energy by rotational
motion, [13] rendering drops above a certain viscosity relative to the medium to be
stable even at high shear rates. Elongational deformation has no associated vorticity,
so the mechanism for energy dissipation is instead shape deformation (which effec-
tively increases the interfacial surface area) which is a main motif of our proposed
mechanism for the FD case. Also, the dynamics of a collapsed polymer in shear flow
involves the presence of a tumbling movement that prevents the permanent elonga-
tion of the polymer and results in the persistent alternation between collapsed and
stretched states. [5, 35] In elongational flow, there is no dynamical pathway for a
polymer that is stretched in a given flow rate to return to a collapsed state. This
results in a permanent elongation that only explores the dynamics between the two
states once for a given e*.
3.2.4 Dynamics of Unfolding Collapsed Polymers
A significant amount of energy has recently been placed into the study of the un-
folding dynamics of coiled polymer chains. Recent work in this field has studied this
effect to provide insight into hydrodynamic effects on polymer dynamics, [38] the
effect of topography on dynamics, [2, 18, 39, 40] and other questions of fundamen-
tal significance. [3, 9, 10] Experimentally, this is usually done at a stagnation point
in a cross-channel microfluidic setup and imaged with fluorescently labelled DNA
molecules.[2, 9] It has been shown that these results are very faithfully reproduced
using Brownian dynamics simulations like the type we are considering. [10, 33]
We simulated a series of polymers such that they undergo a step increase in
the elongational flow rate e from below to above e* and concurrently extend from a
collapsed globule to a fully extended chain. Using this data, we can explore the corre-
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Figure 3-6: The end-to-end distance RF of a polymer measured as a function of
time for a 100 bead chain in FD conditions (at low interaction energies, ALi = 0.26).
They are raised from below e* to just above e* (&r = 0.02) at time t = 0. We note
the presence of two distinct conformation types, and include snapshots of each from
simulation data: the left shows the dumbell configuration, and the right shows the
kinked conformation. The latter demonstrates a "hesitation" in the unfolding dy-
namics, which is indicated in the red circle. The dumbell case does not demonstrate
this feature. Black dotted lines outline the basic geometries present in the simulation
figures.
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lation between the geometries of the extending chains with the dynamics to support
the mechanisms proposed in the previous section. The end-to-end distance can be
plotted as a function of time during this transition, which is shown for a FD system
in 3-6 for N = 100 at low interaction energies Au = 0.26. Each curve represents a
different trial at this condition. These dynamics correspond very closely to the dy-
namics for the extension of a coiled polymer, which is presented both experimentally
and computationally by Perkins, et al. and Agarwal. [2, 38, 39] Most notably, there
is an immediate response of the chain length to the step-increase in er that results in
unfolding times on the order of 10-. Due to the rapid stretching dynamics, a variety
of geometries can be described that correlate to the variety in initial chain topologies.
This effect has been explored in great detail by Perkins, et al. and Agarwal. [2, 38, 39]
We observe two general behaviors that are also seen in coiled polymers: folded and
"dumbell" shaped geometries. Snapshots of the folded geometry and dumbell geom-
etry are shown in 3-6. Black dotted lines are used in 3-6 as a schematic to represent
the dumbell and folded geometries. We notice similar trends in the observations of
Agarwal that the appearance of folds causes a "hesistation" in the stretching dynam-
ics that represents the relative stability of such a fold to this particular flow field that
occurs when both ends of the polymer are on the same side of the chain's center of
mass. [38, 39] An example of this behavior is demonstrated in 3-6, and is indicated
by the red circle.
The dynamics become drastically different at other conditions-the high-A6 FD
case and the HI case have topological constraints that promote certain unfolding
geometries. These constraints are governed by the unfolding mechanisms, which
also control the dynamics of unfolding. We first consider the high-Au FD case,
which we have proposed an intrusion-based mechanism for. This mechanism relies
on the formation of two "lobes" of unequal size through thermal fluctuations. The
smaller lobe must be large enough for its drag force to overcome the surface tension
holding the globule together. The balance of forces results in a nucleation-growth-
type mechanism, which suggests a distribution of times at which the transition is
initiated. Indeed, the stretching transition dynamics are plotted in Figure 3-7, and it
is clear that the globule is metastable to the stretch transition on time scales much
longer than the transition itself. The globule can remain collapsed to > 10007 even
above e*r. Snapshots from the simulation are also shown in 3-7, demonstrating the
geometries typically seen in this transition. As predicted, two assymetric lobes are
formed and pulled apart in a dumbell geometry. The black dotted lines again form a
schematic to describe this geometry.
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Figure 3-7: The end-to-end distance RF of a polymer measured as a function of time
for 100 bead chains considering FD at high interaction strengths aii = 3.0. They
are raised from below e* to just above e* (er = 0.158) at time t = 0. Snapshots
from simulations are shown to demonstrate the typical conformations seen during
unfolding. A capillary instability forms close enough to the center of the globule
that the smaller lobe is able to be pulled apart from the larger one, resulting in the
dumbell geometry outlined by the black dotted lines.
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Figure 3-8: The end-to-end distance RF of a polymer measured as a function of time
for 100 bead chains considering HI. The flow rate e is raised from below e* to just
above e* (& = 0.11, Aii = 0.67) at time t = 0. Snapshots from simulations are shown to
demonstrate the typical conformations seen during unfolding. A thermal protrusion
extends far enough away from the globule to be pulled by the surrounding flow field,
resulting in a half-dumbell geometry outlined by the black dotted lines.
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Like the high-Ai FD case, the mechanism of the HI globule-stretch transition
governs the geometry and dynamics of the unfolding polymer. In the HI case, the
proposed mechanism is the presence of a protrusion that is long enough to feel the
drag force necessary to overcome the globule's cohesive force. This mechanism, much
like the previous case, has nucleation-growth-type dynamics. Thus, the characteristic
metastability is also seen (in Figure 3-8), with the transition occurring as long as
1000r beyond the application of the flow above i*r. The protrusion mechanism
constrains the unfolding geometry to be a half-dumbell, as is demonstrated by the
simulation snapshots shown in Figure 3-8. This arises from the typical case of the
protrusion being a single chain end, as a protrusion consisting of a non-chain-end
segment of the same length feels a cohesive force approximately twice as large.
3.2.5 Elongational Viscosity
We can analyze the elongational viscosity of globular polymers in flow. If a dilute so-
lution (and therefore negligible globule-globule interaction) is assumed, it is sufficient
to extract the viscosity from single-polymer simulations. In practice, such conditions
are difficult to achieve in synthetic systems without inducing large-scale phase separa-
tion, however we expect that sufficient stabilization using (for example) electrostatics
could facilitate the experimental realization of such a system. These results may
have more profound implications outside the realm of synthetic polymers, however.
In this article we axe motivated by more complex macromolecules, like vWF which
is an extremely large, soluble, yet compact (or collapsed) (bio)macromolecule. The
inherent amphiphilicity of its monomers confer to it this property, which is generally
true for many proteins. Ultimately, this type of system could yield insight into the
mechanisms of turbulence drag reduction, in which polymers in dilute solutions are
able to significantly increase the viscosity of the overall solution upon the application
of high flow rates. [7, 23, 24, 25] This prevents the formation of turbulence by locally
decreasing the Reynold's number of the flow in highly elongating regimes. [7]
To calculate the viscosity we directly evaluate the contribution per polymer to the
stress tensor r as:
N
r =- riFi) (3.16)
i=1
where c is the monomer density and F, = -,VU is the force acting on the ith bead. [42]
The average is done over the time trajectory of the simulation. The contribution of
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the polymer to the elongational viscosity is then simply evaluated via: [17]
)= zz - (r + 7yy)/2 (3.17)
Here we use an equivalent dimensionless quantity i that we define as:
= (3.18)67V9,s
where qs and @k = ca3 correspond to the viscosity of the pure solvent and the volume
fraction of polymer, respectively. From the definition of the intrinsic viscosity [77],
one sees that i ~ N[ 77]. To study both the FD and HI cases, we have plotted value
i versus the dimensionless elongation rate er for a variety of interaction strengths
ii and chain lengths N (see Figure 3-9 (a) and (b)). Both the FD and HI cases
display similar characteristics, with i staying roughly constant with increasing r
until the critical elongation rate j*. This provides the simple result that the stress
contribution per polymer is constant with elongation rate, so long as the molecules
remain in a collapsed state. This result is intuitive given the roughly constant shape
of the globule. This constant value for i does not change significantly with i, and is
averaged over all simulations for a given chain size N. This is plotted in 3-9 (c) for
both HI and FD cases. Both give slightly different scalings-the FD case has a scaling
of i ~ N 5 / 3 , which can be explained by the geometric consideration of the drag force
upon the beads integrated over the volume of a sphere as a way of approximating the
discrete Kirkwood-Riseman equation:
EN (rFz - (r2F. + rFy)/2) fv rsardV
7 ~ Nqp ~ -O 3 - 3 ~sa r ~ _sN 5/3  (3.19)
which is the scaling obtained in the simulations. The HI case has a scaling of i ~ N4 13 ,
which can be explained by considering a similar integration as above, only over the
surface of the sphere to discount the hydrodynamically shielded beads in the center
of the sphere:
7 (rzFz - (rxF+ryF}/2) fsrqsaerdS ' - rqN 4/3  (3.20)
ea3 ea3
which is the scaling obtained in the simulations (see Figure 3-9 (c)). Upon reaching
the globule-stretch transition (see Figure 3-9), there is a discrete jump to what is
roughly a constant value of i (the concurrent upswing is an artifact of our model,
which uses simple springs to connect beads, rather than a more accurate FENE
113
potential). Besides the artifacts introduced by our model, the value of i is roughly
constant upon elongation, again a function of the constant shape of the globule. At
lower elongation rates (though still above e*r), the asymptotic value is plotted in
Figure 3-9 (c) for both HI and FD, and follows the scaling law i N 3. This follows
from purely geometric considerations:
(rzFz) foNz~ Saz)dz
N ~ Nca E 3  3 ~sN3 (3.21)
where the discrete Kirkwood equation was approximated as an integral over the length
of the chain and the velocity profile (proportional to the force) along the chain. These
simulation results are nearly identical to those for fully extended chains in similar
studies of coiled polymers, a result that is expected due to the equivalent geometry
of both situations. [17] The only apparent difference between the FD and HI case is
in the magnitude of the dimensionless viscosity, which is less in the HI case due to
the hydrodynamic screening.
The interesting result for the viscosity of dilute collapsed polymers is the large
discrete jump upon exceeding the critical elongation rate, which quickly becomes
quite potent upon introduction of polymers of increasing length. This describes the
potential for using collapsed polymers in the case of turbulence drag reduction, or
other cases where discrete (and highly tunable) jumps in solution velocity are desired.
This is further aided by the lack of dependence of the discrete globule-stretch tran-
sition (assuming the HI case) on the chain size. Thus, very controllable systems can
potentially be created out of polydisperse polymers. The controllable parameter for
these systems would be the strength of self-interaction of the polymer. It is conceiv-
able that, using this method, solutions with a distribution of polymer self-interaction
strengths could be provided with highly tunable elongational viscosities.
3.3 Conclusions
We have demonstrated using Brownian dynamics simulations the presence, nature,
and dynamics of the globule to stretch transition of a collapsed polymer in the pres-
ence of an extensional flow field. This provides, coupled with previous research con-
sidering shear flow, compelling insight into the behavior of collapsed polymers in
flowing dilute solutions. We have identified, and supported with a simple scaling
theory, a likely mechanism for the globule-stretch transition which is based on the
typical length of protrusions due to thermal fluctuations. Particularly important for
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Figure 3-9: (a) i in the FD case as a function of er. (b) i in the HI case as a function
of r. For both (a) and (b), different colors represent different interaction energies fl
while different symbols represent different chain lengths. Both (a) and (b) also plot
both FD and HI cases respectively for the theta condition (ii = 0.41) to contrast the
discrete viscosity jump of the globule-stretch transition to the continuous coil-stretch
transition (grey dotted lines). (c) Plot of i as a function of N for both FD (black
symbols) and HI (red symbols) cases. Square symbols represent the average (over all
simulations) value of i below e*, and the circle symbols represent the average (over
all simulations) value of i above e*.
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.6 > 6*
this effect is the shielding due to hydrodynamic interactions, which results in the
collapsed globule behaving as an effective hard-sphere. Only by allowing protrusions
to extend beyond the shielded area does the fluid exert enough stress to stretch the
molecule to its full contour length.
Furthermore, the dynamics of this stretching transition are well characterized, and
follow similar kinetics to the analogous process for a coiled polymer. Topology plays
a key role, with the appearance of folds hindering the stretching process. This also
yields insight into the mechanistic nature of the stretch transition, with a distinct lack
of folds and a presence of a long-time scale metastability as soon as hydrodynamic
interactions were included due to the topographically-limiting unfolding process as a
result of the protrusion-nucleation.
This fundamental research provides insight into the unfolding nature of certain
proteins in biology. In particular, proteins such as von Willebrand Factor that are
critical in the blood clotting process are known to be strongly dependent on flow
conditions. We hypothesize that this mechanism is a key factor in such biological
processes, and an understanding of this process could provide guidance in the further
manipulation of these systems for medical purposes. One particularly interesting
insight arises from the consideration of actual values based on the structure of vWF.
In our previous work with shear flows, [13] there is an order-of-magnitude analysis
that places the shear transition of a polymer with a = 100nm at a value of i
1000s- 1. Using a similar order-of-magnitude analysis (for Aii ~ 2 and eT ~ 1), we
can use the typical monomer size of vWF a = 100nm to obtain the value of e ~
20s-1. Thus, there is approximately one or two orders of magnitude difference between
the flow rates necessary to extend a globule via shear versus via elongation. This
suggests an explanation for the behavior seen in recent investigations that reveal that
gradient shear flows enhance blood clotting behavior [27], as gradient shear flows have
a significant elongational component.
Practical applications in fluid control are also apparent, with a highly useful dis-
cretized viscosity response seen in the extrapolation of single-molecule simulations to
dilute solution properties. This may allow for the creation of highly tunable fluids
that display unique and otherwise unattainable viscosity responses to elongational
flow fields.
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Chapter 4
Elongational Flow Induces the
Unfolding of von Willebrand
Factor at Physiological Flow Rates
4.1 Introduction
Upon analyzing the physics behind the effect of elongational flow fields on homopoly-
mer globules, we reconsider this behavior within the context of von Willebrand Fac-
tor. In doing so we supplement the large body of work attempting to elucidate the
mechanism of blood clotting from the molecular to the physiological level, in par-
ticular work whose focus is on the large multimeric protein von Willebrand Factor
(vWF)[1, 2, 3, 4]. While the overall globular structure of vWF has been shown
to unfold under different kinds of stresses (e.g. shear stress)[2, 3], there has only
been precursory speculation as to the nature of these fluid stresses in the biological
context. [3] In these situations, there are a large number of complicating effects; it
has been shown that unfolding is intimately related to the expression of adhesion
proteins[5, 6], flow conditions surrounding the protein [2, 7, 8, 9], and the molecu-
lar structure of vWF itself [3, 4]. If the balance of these three parameters is lost,
the function of vWF is mitigated or overly enhanced, resulting in von Willebrand's
disease or embolism formation respectively[9, 10].
Initial experimental and theoretical studies into the behavior of vWF in vitro
have focused on simple shear flows to elucidate the physical mechanism by which
vWF self-assembles with platelets at the sites of vascular injury, with a large amount
of recent speculation has focused on the ability of the overall globular structure of
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vWF to unfold under the influence of shear flows, and we have developed physical
models to explain this phenomenon [2, 11, 12, 13]. While it appears that simple
shear may induce the blood clotting process by itself, it is worthwhile exploring other
mechanisms that might dominate under physiological conditions. Recent work by
Nesbitt et. al. [7] has suggested that shear gradients are responsible for thrombus
formation, and Zhang et. al. [3] have proposed that elongational flows could play a
major role in vWF regulation. Here, we use numerical simulations that served as the
basis for the theoretical study in the previous chapter to further elaborate on this
observation. From a polymer physics perspective we demonstrate that elongational
flows, which naturally appear at regions with shear gradients, are the most prominent
mechanism in the regulation of vWF, and consequently one of the primary triggers
in blood clotting. Interestingly, this kind of flow seems to be ubiquitous in the blood
vessel system, particularly at locations of vasoconstriction and stenosis.
4.2 Results and Discussion
4.2.1 Physiological Elongational Flows
Elongational flow in a biological system is manifested most commonly in a transition
in vessel size. This is schematically shown in Figure 4-1, where conservation laws
dictate that the velocity in the smaller tube must be faster than in the larger tube.
In the transition from a larger tube to a smaller tube, the fluid requires an acceleration
such that locally a suspended protein will feel an elongational "pulling" force as the
forward portion of the protein gets carried away at a faster rate than the back portion.
This can be graphically shown by subtracting a reference velocity at a given point in
the midst of a stenotic geometry, which we choose to be the red box in Figure 4-la.
This reference velocity is subtracted from the nearby flow velocity vectors, and the
resulting profile is shown in Figure 4-1b. This is compared to a purely elongational
flow profile in Figure 4-1c for comparison, demonstrating strong resemblance between
the two. The approximate rate of elongation in this case can be written as:
Av ri -1.1
D D
where v is the maximum velocity (at the center of the tube), r1 and r 2 are the
tube radius before and after a transition, and D is the distance over which this radius
changes. In a typical blood vessel during injury, the process of vasoconstriction causes
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the vessel to constrict to a smaller radius[14, 15] (see Figure 4-la for a diagram that
portrays the fluid velocity field in such a system). This provides a way to locally
induce elongation, and as shown below, it can also induce a clotting response with a
threshold much lower than that for a constant shear rate.
4.2.2 Coarse-Graining vWF
Our model uses a Brownian dynamics approach to study the dynamics of vWF in an
arbitrary flow field, and takes into account the hydrodynamic interactions between
the different units in vWF. The structure of vWF consists of a series of large dimers,
each consisting of a number of protein domains[1O]. We represent these dimers as
effective spheres, or beads, that are connected by spring-like forces. The hydropho-
bic interactions and self-association between dimers are represented by an effective
interaction energy between two different beads Au, which collapses the protein into
a dense globule. This type of simulation has been used for simple shear flow in previ-
ous works that elucidated the mechanism for unfolding of collapsed globules in shear
flow[l1, 12].
4.2.3 Shear Vs. Elongational Flow
Following the coordinate system employed in Figure 4-la, the flow field to which
a molecule is exposed (in the reference frame of the molecule itself) while passing
through the transition region D is well approximated by:
=ez - -x - -ye) (4.2)
2 2 Y
where dx,y,z is the unit vector in the corresponding Cartesian coordinate direction and
e is the elongation rate. Diagrams of the flow field and a typical unfolding polymer
from the simulations are shown in Figure 4-2a. Figure 4-2b represents the behavior
of a vWF-type polymer by considering the mean extension versus the elongation
rate j. This demonstrates that there is a critical flow rate at which the globule
(Figure 4-2a, far left conformation) unfolds to a fully extended chain (Figure 4-2a,
far right conformation). We also include unfolding as a function of shear rate i,
and obtain results similar to previous studies on vWF in shear flows.[11, 12] There
are striking differences between the two data sets, most noticeably the shear case
demonstrates a much broader transition at rates two orders of magnitude larger than
the elongation case. The dynamics of the two cases suggest that these differences
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Figure 4-1: a) A typical flow profile for the case of a thrombus or vasoconstriction (an
approximate schematic is shown at bottom right). The entry to such a blockage results
in an elongational flow. On the far right, there is a graph of both the fluid velocity
and the velocity gradient (which corresponds to the magnitude of the elongational
flow rate) along the center of the flow. The maximum elongational flow rate clearly
occurs in the center of the radius change (the area bounded by D) and tends towards
zero in the regimes where the vessel radius remains constant. The bottom left shows
the effect of placing a protein (the red globule) in this sort of flow: in the transition
region D the protein gets elongated by the flow field. b) The area contained in the
black dotted box shown above in (a) with the reference velocity subtracted from every
vector. c) A pure elongational flow using similar values (as described in equation 1).
We note that both (b) and (c) are almost identical, corroborating the assertion that
a change in vessel radius produces a local elongational flow.
are due to the rotational nature of shear flow-the extension of polymers in shear is
ultimately limited by what is known as "tumbling" behavior which causes the globule
to continuously transition between collapsed and stretched states.[161 Furthermore,
the regulation of vWF is believed to be force dependent, and we show in Figure 4-
2c for mixed elongation-shear flows that the globule-stretch transition does induce a
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large change in the maximum tensile force along the chain. However, this figure again
emphasizes the differences between elongation and shear, with the former displaying
a large, discrete jump in tensile force per monomer while the latter shows a much
more broad and continuous increase at rates two orders of magnitude above pure
elongation.
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Figure 4-2: a) The elongational flow (profile shown) imposed on a collapsed vWF
molecule has the ability to stretch the protein. This opens up the quaternary struc-
ture to allow for bonding with other molecules. The snapshots shown represent the
unfolding over time seen in simulations of vWF in elongational flow. b) The average
percent extension of vWF as a function of the elongation/shear rate e/- for simu-
lations using two different interaction energies Au and a dimer size of ca. 50 nm
(see text for discussion). The average force per monomer F mapped as a function
of elongation versus shear rates ( u = 1.5kT). This force quickly increases into the
biologically relevant regime as elongational flow is applied, while application of shear
flow demonstrates a much more broad transition.
The physical model presented above can be directly translated to the case of vWF
in the bloodstream by considering typical parameters for the collapsed globule. If we
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consider a monomer size of ~ 50nm (a typical vWF dimer size), an effective interaction
energy of Au ~ 0.5 - 1.5kT (the typical strength of van der Waals/hydrophobic type
interactions), and room temperature T ~ 300K we obtain critical flow rates of c
3 x 102 - 6 x 102 s-1. To compare this flow rate to what would be found in a typical
blood flow, we consider the model described by equation 4.1. Assuming a change in
radius of ~ 20%, a typical pre-constriction blood velocity in the microcirculation of
~ 0.1m/s, and D 10Ipm, the typical elongation rate is ca. e ~ 5.6 x10 3 s-1 , which is an
order of magnitude beyond the critical rate at which the unfolding process will occur.
Alternatively, significant amplification of the vWF response and platelet aggregation
upon stenosis was seen in the work by Nesbitt and coworkers[7]. The values utilized
in that work indicate an elongation rate of ca. 2 x 104s-1 was more than sufficient to
induce thrombus formation[7]. Both results are well above the simulated threshold
for elongational induced vWF stretching, and indicate that the application of an
elongational flow is a strong regulator vWF activation. For comparison, simulations
place the pure shear flow-induced stretching transition in the vicinity of 104s-1 (see
Figure 4-2b), which is in the uppermost side in our circulatory system, perhaps only
occurring during stenosis. Hence, pure shear requires a much more exclusive set of
conditions than elongational flow[7].
4.3 Conclusion
Our results indicate that the unfolding of vWF in the bloodstream prior to clotting
is regulated very strongly by elongational flow fields, particularly compared to shear
flow which is weaker by two orders of magnitude and does not demonstrate the neces-
sary sharp transition that would mediate the on-off biological functionality required
for blood clotting. This could also aid clotting at the molecular level, since it has
been shown that the vWF binding is strongly dependent on the application of strong
forces along the protein chain[8]. Our results also agree quantitatively with the maxi-
mum tensile force per monomer necessary to cleave vWF by ADAMTS13 determined
by Zhang et al., with the maximum force along the chain exceeding ~ 10pN upon
unfolding in an elongational flow[3].
The results presented here provide a further understanding on the dynamics of
VWF and could be translated into the development of treatments for a wide variety
of diseases associated with blood clotting, such as von Willebrand's disease, ischemic
stroke, and acute coronary syndromes. Also, these results provide insights into other
somewhat counterintuitive diseases such as Heyde's syndrome where arterial stenosis
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induces clotting disorders. Clearly, by having an stenotic vessel, the activation of
vWF becomes prominent due to the strong elongational component that appears
in the flow, inducing either complexation of vWF with platelets to promote a local
Thrombotic Thrombocytopenic Purpura, or it gets degraded by ADAMTS13 and
becomes non-functional. Both of these processes lead to bleeding, as observed. In
summary, we have presented a convincing case that implies that elongational flow
under pathophysiological conditions strongly supplements shear flow, and could be the
main mechanism to induce unfolding and activation of vWF. These findings represent
a new paradigm in the function of vWF.
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Chapter 5
Dynamics of Collapsed Polymers
Under the Simultaneous Influence
of Elongational and Shear Flows
5.1 Introduction
There has been significant interest in the last few decades into the interaction of
polymers and fluid flows, mostly focusing on the viscosity behavior of dilute solutions
of random and expanded coils under typical fluid flows. Pioneering theoretical work
by DeGennes was followed up by a large body of work, both experimentally and
computationally, leading to a well-developed level of understanding of polymer coils.
Pioneering work, briefly outlined in Chapter 2, described the development of a
theoretical understanding of the evolution of polymers under arbitrary fluid flows. [1,
2, 3, 4, 5] These theories have been highly successful, and have been corroborated
with experimental investigations. [6, 7, 8, 9] These fundamental understandings have
proven valuable in developing practical applications, such as in the field of DNA
analysis using microfluidics [10, 11]. Only very recently, however, has the case of
collapsed coils in a fluid flow been considered, with most of this development per-
formed by Alexander-Katz and Netz, and continued through the first section of the
present dissertation. [12, 13, 14, 15, 16, 17] For most synthetic polymer applications,
this negligence is due to the very narrow window where collapsed polymers can be
suspended in solution without undergoing macroscopic phase separation. Renewed
interest in collapsed polymers in recent years is due to the interest in understanding
the behavior of proteins such as von Willebrand Factor (vWF) that are regulated by
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fluid flows has shown that proteins of this type can be well described by the physics of
collapsed homopolymers, however only the dynamics in simple shear and pure elon-
gational flows have been thoroughly examined. [12, 13, 14, 15, 16, 18, 19, 20] This
previous work has already elucidated much of the behavior of vWF in experiment,
where flow conditions are generally well-behaved, however we desire to extend this
work to more complicated situations that may exist in-vivo and thus a more gen-
eral theory of globule-stretch transitions is necessary. [15] Furthermore, as the field
of single-chain manipulation matures as a field, the on-off functionality of a globule-
stretch transition may be an attractive avenue for conformational control of synthetic
polymers that have been kinetically stabilized against aggregation.
In this chapter, we investigate the implication of flows that do not have purely
elongational or shear character, but instead have a linear combination of the two
flow profiles. This will provide a more thorough understanding of the behavior of
homopolymer globules in more complex flow profiles, which tend to lie somewhere in
the continuum between the two extremes of elongational and shear flow.
5.2 Theory of Globule-Stretch Transitions
We build off the previous work where Alexander-Katz, Netz, and Sing have eluci-
dated the response of a collapsed polymer coil to the presence of a simple shear and
elongational flow. [12, 13, 14, 15, 16] Here we intend to express this theory in a more
general sense which presents the essential features of this transition independently
from the character of the applied flow field. The critical conceptual picture concerns
the transitions between two distinct conformational states: the collapsed state and
the stretched state. We draw the analogy to a reversible chemical reaction between
two states, and define a transition probability for the forward (globule-stretch) Pgs
and backward (tumbling-relaxation) P, reaction. By understanding the relative
magnitude of these transition probabilities, the conformational behavior of a globule
in an arbitrary fluid flow can be fully described. In the following theory, we separately
address both the globule-stretch and tumbling-relaxation transitions.
5.2.1 Globule Stretch Transition: Nucleation-protrusion Mech-
anism
Previous investigation by Alexander-Katz and Netz has proposed the presence of a
nucleation-driven globule unraveling process that drives globule-stretch transitions in
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fluid flows. This theory is based on the notion that the influence of a flow on the
geometry of a spherical globule is largely suppressed by the presence of hydrodynamic
screening effects. This effect is observed in simulations where hydrodynamic inter-
actions (HI) can be turned off, and the absence of these interactions results in the
induction of globule-stretch transitions at significantly lower flow rates. [13, 16] For
simulations with HI, these transitions occur only through a strictly defined confor-
mational trajectory characterized by the presence of a protruding chain end or loop.
This protrusion extends away from the region of hydrodynamic stagnation, and if it
is sufficiently long it can be pulled from the globule surface to stretch the polymer.
Consequently, if one considers the relevant trajectory through conformational space
to be defined by the protrusion contour length, a straightforward nucleation-growth
picture emerges upon considering the potentials due to cohesive forces and flow forces
(see Figure 5-1 for a schematic).
In developing this theory, we will make the assumption that the protruding chain
segments from the globule surface axe completely thermal and independent of the
fluid flow. While this is an approximation, comparison of our numerical results to
the resulting analytical predictions demonstrates no considerable difference, which
implies that the flow does not have a major role in the protrusion distribution. We also
hypothesize a form for the energy of such a potential coh, represented in dimensionless
form:
Uco ~ AUI2  (5.1)
where Asi is the reduced Lennard-Jones interaction parameter and I is the length
of a thermal protrusion measured from the globule surface. Dimensionless variables
are designated with a tilde, and lenghts are normalized by a single bead radius a,
energies by the thermal energy kBT, and time by the monomer diffusion time r. The
form of the potential in equation 5.1 relates to the harmonic approximation that has
previously shown to be accurate within the regimes of ii of interest for small values
of I. This protrusion energy allows a simple representation of the protrusion length
distribution function P(i):
P(i) (5.2)
This probability distribution function of the protrusion length is useful in character-
izing the likelihood of surpassing the critical protrusion length I* above which the
flow field is strong enough to overcome the globule cohesion. This criterion for I* is
133
UUprot
~j2
I
Uprot + Uflow
Figure 5-1: Schematic demonstrating the nucleation-protrusion stretching mecha-
nism. There is a harmonic increase in energy upon stretching a protrusion of length
I from the surface of a globule. There is increasing drag force on a protrusion as the i
increases due to the increase in fluid flow away from the globule. Once the protrusion
is above a critical length, this drag force overcomes the cohesive force and stretching
occurs. The green diagrams demonstrate the polymer conformation at that given
point along i.
134
Uflow ~4
mathematically represented as:
Lcoh(AUi, ffa ~ ro((hr), N,[* (5.3)
where fcoh = -VrUcoh is the cohesive force that acts to decrease the length of the pro-
trusion i, fyrom is the friction force along the contour of the protrusion that drives it
towards the stretched state, and is a function of the flow field (here represented gen-
erally by (rnT), where rh represents an arbitrary fluid flow profile), and chain length
N. The probability of having a protrusion that is longer than I*, and consequently
will undergo a globule-stretch transition is given by:
P(I > I*) = fOO'* i~ " = Erfce * (5.4)
where Erfc is the complementary error function. Likewise, the average protrusion
(I) is given by:
(T) = ~o" =eAO (5.5)( 1 fOe,idi1
We point out that the limits of integration for both equations 5.4 and 5.5 go to
infinity, which is clearly unphysical for a polymer of finite length, and also does not
satisfy the small-i assumption of equation 5.1. The deviations that arise from such
an approximation, however, are not significant so long as u- is large enough that P(i)
decays rapidly to zero with increasing 1. We consider this condition to be met in a
collapsed polymer, but this explains why this theory would no longer be applicable
in the case of a 8-polymer.
Up to this point, there has been no specification of the geometry of this protru-
sion, except that it is a chain end that proceeds from the surface. We continue this
derivation, but now with specific reference to the geometry of the protrusion. First,
we consider the relevant protrusions to extend radially from the surface of the globule,
since these will feel the maximal amount of drag forces due to the fluid flow. The
only remaining parameter to define this geometry is to specify the spatial direction
of the protrusion. In the absence of flow, such specification is arbitrary, however
in the presence of a flow field the overall transition probability of the globule-stretch
transition Pg,, must consider contributions from the entire ensemble of paths through
conformational space in a non-trivial fashion. We defined each path by its orientation
0 (measured from the shear flow direction axis, x), and write P,, as a summation of
the transition probabilities P,,,o over all directions 0. Any number of radial paths
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defined by their angle 9 can be taken by the protrusion, which means that the overall
probability of a globule-stretch transition is written as:
Pg-8 = Z POP-sB (5.6)
paths 0
where we introduce the probability that the protrusion lies along a given path 9,
P. Thus, the results of a globule-stretch transition is a weighted summation of all
possible protrusion paths, with ipaths B PO = 1.
Since the probability of undergoing a globule-stretch transition Pg-,,o is propor-
tional to the prevalence of states above the critical protrusion length, equations 5.4
and 5.5 combine to yield the probability that a polymer globule can undergo a globule-
stretch transition:
P9-,,O~" P(I > I*)~- Erfc (5.7)
We invoke the earlier assumption that the value for (I) is entirely thermal and con-
sequently independent of the fluid flow, and define the globule-stretch transition as
occurring under critical flow conditions T* defined when [* ~(I).
To determine the dependence of I* on fluid flow (and consequently on direction
0), we reintroduce equation 5.3:
fcoh = fflow,O (5.8)
which is the condition determined by Alexander-Katz et al. [13] From equation 5.1
we can write:
coh Aid (5.9)
which becomes:
fcoh ~V AGi (5.10)
using the relationship (1) 1/v l derived in equation 5.5, which is assumed to be
independent of the fluid flow. ffmow,o is the force on the protrusion due to the drag
induced by the fluid flow along the direction 9. This is given generally in both [13]
and [16] as proportional to the difference between the fluid velocity i at a given
position along the chain contour I' and the fluid velocity at the surface of the globule
ij at position I'= 0:
1 A+I :
fflo - ( f d (5.11)
ooa m it
where yo is the hydrodynamic Stokes mobility and a is a monomer radius. This is
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therefore the drag force integrated on a path from the surface of the globule R to
the end of the protrusion R + 1, assuming an external velocity field given by i that
is taken with reference to the globule surface velocity Ok. Along a given path 0, we
perform an integration through the flow field immediately surrounding a solid sphere.
These yield results that follow the form:
fat ~ a(ri, 0)1/(apoR) (5.12)
where a(Ah) is a function that depends on the flow field Th and the path 0. For
example, a = Tpr along the path 0 = 7r/4 for simple shear and a = er along the path
0 = 0 for pure elongation. Since the protrusion force at transition is equivalent to fcha
which is independent of flow, we can rewrite equation 5.7 as:
P, 0_,, Erfc (( a (5.13)
where a* is the transition flow rate that is determined upon solving equation 5.3:
?flT* ~ Af 2R/a (5.14)
While in principle there are a large number of possible paths 0, there are typically
two terms that dominate the summation in equation 5.6; the term that corresponds to
the maximum Pgs,o and the one that corresponds to the maximum Po. The former is
the dominant mechanism in shear globule-stretch transitions, since the rotational flow
drives the globule protrusion to sample all values of 0 equally. We dub this the "tran-
sient" direction, since a protrusion along this direction is unstable to the rotational
component of the fluid flow. The latter is the dominant mechanism in elongational
globule-stretch transitions, since the elongational flow profile creates a deep energy
well in which the protrusion resides. Thus, regardless of the direction of maximal
flow, the protrusion will always follow this path. We dub this the "quasi-static" di-
rection, since the protrusion can only leave this well through thermal fluctuations. We
consider a two-state model where the globule is in either the quasi-static or transient
states, and rewrite equation 5.6 as:
Pgs = P (PqsPg-s,qs + PtrPgs,tr) (5.15)
where Pq, + Pt, = 1 and are the relative probabilities of being in either the quasi-
static or transient states respectively. PO is a term which indicates the probability
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that there is an existing protrusion, and that it is along either the quasi-static or the
transient directions. In the analytical results presented in this paper, these paths are
approximated using the unperturbed flow field (one that does not account for the
presence of the globule), where the maximum velocity in the radial direction gives
the path to calculate Pt, and the zero velocity in the angular direction gives the path
to calculate Pq,. [13, 16] A full calculation of the transition pathways would consider
the hydrodynamic flow around the polymer globule rather than the unperturbed
flow field, however this is analytically tedious (albeit entirely possible to calculate
numerically). Despite the use of this approximation, the analytical results presented
later in this paper demonstrate good agreement with simulation results.
5.2.2 Tumbling to Non-tumbling transition
Once a polymer globule is stretched, the stability of its extended state is a strong
function of the external fluid flow field. In the case of simple shear and elongation, it
is well known that the former demonstrates tumbling behavior and the latter remains
fully extended. More generally, local flow fields that possess combinations of shear
and elongation demonstrate one of these two behaviors based on the characteristics
of the flows. We predict that there will be a sharp transition between a tumbling
and a non-tumbling state based solely on the flow geometry and a simple statistical
mechanical argument. Here we expand on ideas developed for coils by Woo and
Shaqfeh to describe a tumbling-non-tumbling transition in any local fluid flow for
both globules and coils. [23]
Both shear and elongational flows can be expressed in terms of polar coordinates,
with a separable dependence on the radius r from a reference point and orientation
angle 0. In principle, this can be further generalized for three-dimensional flows by
including another angle #, however we do not consider this here as the conceptual
picture remains the same. We can define a coordinate system like the type shown
in Figure 5-2, which demonstrates an extended polymer chain in the presence of a
mixed fluid flow. We can effectively ignore effects due to hydrodynamic interactions,
since the polymer chain is extended. This polymer will be driven to an angle 6 0 such
that it satisfies the following conditions:
vo(E8o) = 0 (5.16)
dvoe 0)
a |, s 0 (5.17)9
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Figure 5-2: A schematic of the variables defined in the derivation of the conditions
for the tumbling to non-tumbling transition. A chain of N beads with a radius that
is elongated will equilibrate at an angle 90 that is defined as the angle where the
angular component of the velocity field vo = 0. There is also some angle e, where the
radial component of the velocity field v,. = 0. These are separated by an angle A.
If AE is small such that thermal fluctuations can cause the chain to cross into the
regime where v, < 0, then tumbling behavior will occur.
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where vg is the applied fluid velocity in the 0 direction. The first condition states
that the flow velocity, and consequently the fluid force, in the angular direction has
to be zero, otherwise the polymer would be driven to some other angle. The second
condition states that if the angular force were represented as a potential fjiow,tieta =
vo/po ~ -8U/0, we are at a local stable extrema (&2 U9 /802 > 0). We can also define
the critical angle E, where there is a change in the radial velocity is zero:
Vr(Er) = 0 (5.18)
where Vr is the applied fluid velocity in the radial direction. This condition represents
the change from a flow that will extend the polymer (V, > 0) and a flow that will drive
a polymer towards collapse (V, < 0). An extended polymer at 9E will thus be in an
extended state, unless the chain angle crosses er into a regime where V, < 0, which
can happen spontaneously due to thermal fluctuations. We can thus characterize the
tendency of a polymer in an arbitrary fluid flow by the difference A E = 0o -er. There
is some critical AE* ~ 6 0P where the thermal fluctuations of the polymer 68 p are just
large enough to allow tumbling to occur. We can create an expansion to second order
of the potential that describes the local energy environment around the bead at the
end of the elongated chain:
Uo(EGo + 60) = Uo(E08) + -Iee6OP + I 2 Ie,6 ,' (5.19)
where we consider the contribution to the potential of this bead due to the flow
field in the angular (Uo) direction. This is simplified by considering a redefined
AU(60) = U(E8 + 60) - Uo(e 0), and realizing based on previous constraints that
1e, = 0 and Ue, = ,-NO. We change to a local cartesian coordinate system
through the transformation d/IO ~ NaG/8x':
1U 2UO =2 1 aVoAU(x') = 2 |-oIe2 2 e x' 2  (5.20)
where x' is the spatial coordinate in the 0 direction at 60 (see Figure 5-2). We can
thus determine the distance of the fluctuation of the chain ends:
M ~1/2 -2kTA 1/
(X [fco X 0 e-AU(x')/kTdx'] ~ - /0 1 (5.21)L J-o J(&ol/x')1ee,
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The condition for tumbling is:
(z'2)1/2 > NaAE* (5.22)
so at (X'2 )1 / 2 ~ NaAe* there is a tumbling-non-tumbling transition. This is a sharp
transition, so it is possible to write:
f0 -2k0 1/< N)a1/*
PS-g ox')Le'1/2 (5.23)
1i( ((ve/)o/>e 1)2 NaA8*
This general scheme will be considered in the context of 2-dimensional flows, how-
ever it is a general set of criteria that would also apply to any 3-dimensional flow. One
only needs to find the orientation of a fully stretched polymer in spherical coordinates
6 0 and (D as a function of the specific flow conditions (which can be described as
a linear combination of elongation and shear flows in various directions 0 and <$) as
well as the directions E, and D, where there is a change from an outward radial flow
to an inward radial flow. 2-dimensional, and likely asymmetric, fluctuations around
9 0 and (4 would need to be considered in relation to the distance:
A(E, ID) = (e0 - er)2 + (4 - 4,)2 (5.24)
While such a calculation would likely be tedious to perform analytically, this type of
equation could be performed numerically as part of an overall analysis of a complex
flow profile.
5.3 Results and Discussion
In the previous section we developed a general theory for the behavior of collapsed
polymers in fluid flows that sought to explain the behavior of two types of transitions;
globule-shear transitions and tumbling-non-tumbling transitions. This framework
can be applied to specific cases of mixed flows to obtain a complete description of a
collapsed polymer in that given flow. In order to test these predictions, we will use
Brownian dynamics (BD) simulations as described in the Methods section. We will
use a number of relative orientations 6 0 of the elongation and shear components of
the mixed flow, as demonstrated in Chapter 2, to show that the theory is robust to
changes in the description of the flow field.
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To probe the average conformation of a chain under a given set of conditions,
we look at a single characteristic parameter: the average tensile force between two
adjacent monomers (fi,i41) = (2n (ri,i+ -12a)) = (fT). Previous work has used the chain
extension length Rext = (Rx,max-Rx,min), which is a direct measure of the chain confor-
mation, but the use of (fi,i,1) allows for completely analogous information with better
averaging. [13, 16] Furthermore, (fi,i,1) is a useful parameter when considering the
biological implications of the globule-flow interactions. In particular, there is strong
evidence that vWF bonds via force-mediated bindings, and so-called "catch bonds"
that display enhanced binding upon large forces are ubiquitous in Nature. [26, 27] We
note that the key parameter cited in the literature for force-mediated binding (such
as that in vWF) is the maximum force along the chain, however for characterization
purposes better averages are obtained with our parameter. [28, 29] It has been shown
that the force along an extended chain is a predictable function, so we consider these
two parameters are intimately linked and equally relevant. [28]
Two sets of simulations were done for each orientation 6 0 that correspond to two
different initial conditions. The primary results (represented by the contour plots
in the upcoming sections) are given with the initial condition that the polymer is a
collapsed globule. Different results, however, are obtained if the polymer is already
in an extended conformation, and the flow conditions at which the polymer relaxes
into a globule state is indicated by a dotted line in the contour plots.
5.3.1 90 = 0
We will first consider the case of e0 = 0, which is characterized by an elongation
direction parallel to the shear flow direction. To describe this type of flow profile,
(fi,i,1) is mapped upon adjusting both the magnitude of the elongational flow e and
the shear flow A. This is plotted as a contour plot in Figure 5-3. Also, we indicate the
apparent globule-stretch transitions with bold lines. We note that these transitions
correspond well to the behavior of (Rext) = (Rx,max - Rx,min) , with states of high
tensile forces corresponding directly to states with highly extended conformations.
We verify this by plotting data from previous papers of Sing, Alexander-Katz, and
Netz that use chain dimensions as the measured parameter along with data for this
paper using tensile force data in Figure 5-4.
There is yet another transition that is apparent in the (fi,i+1) contours, which we
indicate with a dotted line. Above the globule-stretch transition, this line corresponds
to a tumbling-non-tumbling transition, and below the transition this line indicates
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Figure 5-3: The tensile-force contour plots within e-' space for 6 0 = 0. The dark
line corresponds to equation 5.47. There is good agreement between these values and
the apparent globule-stretch transitions. Dotted lines correspond to the relaxation
transition, which at high values of 4 is due to tumbling behavior and at low values
of 4 is due to entropic relaxation. The tumbling behavior follows the scaling derived
in equation 5.49, while the black dots represent simulation data. See Figure 5-5 for
more data on these transitions. N = 50 and AiG = 1.5.
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the point below which an extended chain can relax back to a globule. Four distinct
regions become apparent in this diagram.
At low shear and low elongational flow rates, the average tension force (fig1) is
low, and represents the region where the polymer chain is in the collapsed globule
state regardless of initial condition (P_, s 0 and P,_, ~ 1). At regions of higher
elongational flow rates, there is a transition to a region where (fii) is still low if the
initial condition of the polymer is a globule, but the polymer cannot relax from an
extended conformation (P_, s 0 and P,_, ~ 0). Upon increasing the elongation, the
globule-stretch transition occurs and there is a region where the polymer is always
extended (Pg_, ~ 1 and P,_g N 0). Finally, at low elongation rates and high shear rates
the polymer undergoes tumbling behavior (P_, s 1 and P,_g N 1).
These boundaries are defined by the general theory that was previously devel-
oped. For the globule-stretch transitions, we introduce the velocity field surrounding
a spherical object. This approach is the same as in previous work, however here we
write these velocity fields in polar coordinates for convenience: [13, 16]
fr,s= -rRi r5-7 4f 2 :7 Isin (20) (5.25)
[R(r -1)2(3+ 6i +4P~ +2P)1
6r,e = erRf 2 cos (2(0 - 6 0 )) (5.26)
r hi - 1 \
-, rR= R -I i cos (20) (5.27)[4 0 21 P -: 15
Vo,eT = -erRF 4 sin (2(0 - Eo)) (5.28)
where i: = r/R and vi,m the i component of the velocity vector for the velocity field
type m (e for elongational, and s for simple shear). The globule-stretch transitions
for the simple shear and pure elongation rates must be the limiting case of the other
flow component going to zero (at the intercepts of Figure 5-3). We show that this is
indeed the case in Figure 5-4, which graphs both the intercepts of the contour plot
and the data from the literature, with both sets of data in agreement. [13, 16]
We can use these equations as the inputs for the general theory, but we must
choose the correct path along which the protrusion occurs. Naively this would be
the path of maximum drag, however this needs to be weighted by the probability
that the given path would occur as given in Equation 5.6. We apply this formalism
to this particular case: in the elongation-based globule-stretch transition, there is a
large energy well for a protrusion along the path defined by 0 = 0. This means that a
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Figure 5-4: The critical elongational rate i*r (solid symbols) and critical shear rate
y*r (open symbols) as a function of the interaction energy A. We plot the results
given in the literature for both e*T and *r using the same simulation methods used
in this paper (red symbols). [13, 161 We include in this plot the critical flow rates for
mixed flows in the limit of zero shear flow (solid, black symbols) and zero elongational
flow (open, black symbols) determined in the simulations for this paper. As expected,
these results correspond directly to the data presented in the existing literature, and
also follow the scaling behavior derived in each case (A - rh*r for both elongation
and shear flows in the high-Au regime, and AG ~ e*r in the low-Au regime). [13, 16]
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chain end will linger at this position for a while, and occasionally (with a frequency
depending on the magnitude of the angular potential) overcome a barrier and circle
around the globule. There is thus a decreasing probability of extension at higher
shear rates, since the rotational component of the shear flow allows the protrusion to
overcome these barriers. We can develop a two-state model that considers the globule
to be in either a quasi-static state that sits in this energy well (9 ~ 0) or a state that
is transient (0 * 0).
The quasi-static state is characterized by the direction 0 = 0, and we calculate the
total drag force on a protrusion along this direction. Integrating along this path, and
expanding around I 0, we obtain the result:
ft = JR+1 (5(r,(= 0, ) + ,r,e(0 = 0, f )) di~
~7Tl 3I/N (5.29)
which is simply the result given in equation 5.12. It thus follows that, for this path:
PS = Erf c ([, 3 ) (5.30)
where er* ~ Ai 2R/a.
For the transient state, where the protrusion is along 9 * 0, we calculate the total
drag force along the protrusion in the direction of maximum drag. We integrate along
the path of 0 = 7/4 to obtain:
R+i
fprot = f (r,,(9 = 7/ 4 , f) +13r,e(9 = 7/4, F)) d ~
~ irI3/5(5.31)
which again is the result given in equation 5.12, and is the result for a simple shear
flow. It follows:
Pg8 ,tr = Erfc ( (5.32)
where ir Ais2R/a.
The amount of time that is spent in the quasi-static versus the transient state
can be roughly described using a simple statistical mechanical model. We consider
that the probability of finding the protrusion in the quasi-static state is a function of
the potential barrier to leave this state and enter the transient state. As an approx-
imation, we consider the barrier to go from the state at 6 0 to e, as defined by the
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infinite fluid fields:
r,s =2 sin (20) (5.33)
'= 2 [1 - cos (20)] (5.34)
Vr,e = ErAF cos (2(0 - 6 0)) (5.35)
Oo,e = -2T5 sin (2(0 - 60)) (5.36)
These fluid flows can be used to define potential along the 9-direction by performing
an integration in the angular direction:
Oo= - f~ (ijoS + iio,e) NdO' (5.37)
where we can approximate A by the FD value [z = 1. The picture is thus of the
protrusion as a "bead" at the surface of the globule sphere that explores the energy
landscape created by the application of the fluid forces in the 9-direction. Performing
this integration, and disregarding the additive constant, we obtain an equation for
this energy landscape:
UO= rR2- 0 sin(20) -eR cos (20) (5.38)21 2 1- 2
This landscape is almost exclusively tilted such that the protrusion rotates (the term
linear in 9) in the negative 9 direction, however there is a small region between E8 and
E, where there is a local minimum in the landscape associated with the quasi-static
state. This represents a barrier to constant globule rotation, and the ability of the
protrusion to leave this state by overcoming the energetic barrier determines through
which route the globule is most likely to extend. Assuming that F ~ 1 and that 20 is
small, equation 5.38 can be expanded to be:
~1 ~ T? 03 a93 R + 202 (5.39)
We are only interested in the change in energy in going from 60 to E,, which repre-
sents the barrier to leave the quasi-static state, and is given by:
Thi ra i2 -nhp +w2l _astR2 tubln + n-m 2b (5.40)3 r3 0
This relationship, as well as the tumbling to non-tumbling transition, is defined
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by the two angles e8 and E,. For determining these angles we again use the velocity
fields for the infinite flow fields, since we use the approximation that the polymer in
the extended state does not perturb the flow field greatly. We use these flow fields to
obtain the critical angles E, and 09 . 60 is given by the conditions:
v(0) = 0 = Js + 0se =
-erRF sin (26o) - 2 [1 - cos (26 9 )] (5.41)
09| 0( 8 ) = -- [2i cos (26o) + ' sin (20o)] < 0 (5.42)
a0
For this geometry, we obtain the result 8 = 0. er is given by the condition:
'yTRf
1r(Er) = 0 = Or,s + ir,e = sin (2r) + &rRf cos (20r) (5.43)
which yields the result:
2e
tan (26r) = . ~ 2Er (5.44)
where the last relationship is true if i >> L Finally, we get:
(5.45)
This is an elegantly simple result, which reinforces the physical picture presented in
this paper. At large values of e, there is a large angular difference AE between the
angle along which the chain is extended and the angle at which the chain will start
to tumble. The chance of tumbling is thus very small, and a growing protrusion
will almost exclusively reside along the quasi-static angle. As the shear (rotational)
character of the flow is increased with increasing ', these angles converge so that AE
becomes negligible with respect to chain end fluctuations. Tumbling can then occur,
and a growing protrusion will be continually driven in the negative 0 direction.
This result enables us to fully develop a model for protrusion in the geometry
00 = 0, where we break the globule into two states. The quasi-static state is in a
low-energy well and is characterized by elongation-induced globule-stretch transitions.
The transient state is a higher-energy state above the quasi-static state by AU(AE),
and is characterized by shear-induced globule-stretch transitions. We can combine
equations 5.40 and 5.44 to obtain:
A O ~ (5.46)
6 2
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This yields the intuitive result that, as the magnitude of the shear flow tends towards
zero, the energy well grows infinitely deep. When the shear flow magnitude tends
towards infinity, the energy well becomes negligible. We can thus write out the
overall probability of a globule-stretch transition based on equation 5.15:
Pgs = Po(PqsPgs,qs + Pt,.Pgs,tr) =
P[ 1 A))Ef (&r)1/3+
1+ Ce-AU()(
+ eO Erf c (5.47)
1 + Ce-(NAe) E ( (.:Y)1/3
where we introduce a coefficient C that relates the angular "thickness" of the quasi-
static state to the transient state, which is on the order of unity. For all graphs in this
paper, we use the value C = 5. The simulation data describes only the normalized
value Pg,,At which additionally considers the finite time scale over which the polymer
is observed At. This takes into account the observation that the polymer will be more
likely to unfold if observed in the same state for longer. If the normalization factor Po
is chosen to be a constant that also accounts for this finite time scale, the transition
probability Pg.,, can be arbitrarily chosen to be some small but finite probability,
such that there is some iso-probability line that describes the behavior of the globule-
stretch transition. Sure enough, this equation yields a form for the overall shape of
the lines in Figure 5-3 (in this figure we choose Pg,, = 0.1 to be the transition point).
It becomes apparent that this theory captures the essential physics needed to describe
this transition.
The behavior of an extended chain upon undergoing a globule-stretch transition
is governed by a tumbling-non-tumbling transition, which is characterized by the
magnitude of chain-end fluctuations as given by equation 5.21:
(g(2)i/2 )-2 1/2 = -2N )1/2 (5.48)
The condition for the tumbling-non-tumbling transition given in equation 5.22 yields
the result:
*~N*3/2i/2 (5.49)
This scaling is represented on Figure 5-3 by the dotted dark line in the large-4 regime.
This line extends below the globule-stretch transitions, and in this regime represents
the line of stability of a previously-extended chain. We verify that this scaling holds
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Figure 5-5: (a) The tumbling-extension transition as a function of the (N = 50)-
normalized elongation rate &N/50 versus the shear rate 4 for 0 0 = 0. The fit line
represents the predicted scaling of -* e*3/2 from equation 5.49, and the simulation
data closely follows this trend regardless of the interaction energy Ai. The normal-
ization of N/50 is also predicted by equation 5.49. Solid symbols denote values that
are above 4* and *, and represent a reversible transition. The open symbols denote
values that are below 4* and e*. (b) The relaxation transition for E0 = r/6 and 7r/3
mapped on a & plot for N = 50. The relaxation at low values of 4 are governed
by the entropic relaxation time, er ~ 0.045, which is governed by the equation 5.78.
At high values of 4, the relaxation is governed by the tumbling-extension transition.
The fit line for this section represents the scaling predicted by equation 5.95 which is
true for many different values of chain length N and self-interaction parameters Ais,
which is shown in Figure 5-5a. The collapse of all of these different conditions onto
the same curve of slope 2/3 (predicted above) demonstrates the validity of this theory.
This line transitions to having no 4 dependence at the value of e that is approximately
the inverse relaxation time of a theta polymer, which we dub e,. This point represents
the extent of the hysteresis for globule-stretch transitions, which is shown in Figure 5-
5 for a polymer under pure elongational flow. Both collapsed and theta polymers are
shown, and it is clear that while the globule-stretch transition does not depend on
the polymer relaxation time, the stretch-globule transition occurs when the polymer
just begins to relax. At the initial stages of relaxation, the kinetic pathway towards
collapse become available due to the ability of the chain to self-interact. The critical
transition elongation rate e, is ultimately related to the relaxation time of the polymer,
which has been widely studied previously, so we will not discuss this topic at length. [1,
2, 3, 4, 5]
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5.3.2 80 = 7r/2
We next consider the case of 6 0 = r/2, with the elongation direction perpendicular
to the shear flow direction. We again consider a map of (fi,i,1) as a function of
log (e) versus log (i), which is shown in Figure 5-6a. We also show the apparent
globule-stretch transitions and tumbling-non-tumbling transitions in the same way as
Figure 5-3. Upon decomposing the shear flow into rotation and elongation, it is clear
that this geometry is essentially the same as the 6 0 = 0 case, albeit rotated by an
angle of 7r/4. This is further illustrated by the fact that Figure 5-6a and Figure 5-3
are essentially identical. It is not necessary to realize this equivalence or account for
the spatial rotation, however, and we can demonstrate that an analogous derivation
again yields the correct result.
To determine the preferred paths for the quasi-static and transient states, we again
use the infinite-field assumption to determine the angle of the quasi-static energy well
(equivalent to 89 ) and the angle of maximum radial velocity m For the former,
we write the conditions:
Do(80) = 0 = rRF sin (260) - 2 [1 - cos (26 0)] (5.50)2
| 1, = 2d cos (2e0) - sin (26o) < 0 (5.51)0
This yields the result:
22O arctan - (5.52)
To find m we use the condition:
- (ma) = 0 = - cos (2emax) + i sin (2Emax) (5.53)0 2
which yields the result:
8ma= A arctan (5.54)
The quasi-static state is characterized by the direction 69, and we calculate the
total drag force along this path:
fprot = (ibr,(Eo, f) + fir,e(Eo, F)) di~
~ eiI/h (5.55)
which is the same result as in equation 5.29. As in the case of 6 0 = 0, it thus follows
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that:
Pgs,qs = Erfc ( /3) (5.56)
where er* ~ Ai 2R/a. The transient case also behaves similarly to the 6 0 = 0 case in
the limit of i >> L The force along this path is:
fpot = (5,,, (9 , 1) + iE,e(Emax, f)) di~
~ ir IS / N (5.57)
which again is the result given in equation 5.12, and is the result for a simple shear
flow. It follows: ((ir*)1/3
Pg-s,tr = Erfc 3 (5.58)
where i5r* Ai2R/a. These results are the same as for E0 = 0, despite the change in
flow representation.
Or can also be calculated, using the condition:
ir(Er) = 0 = sin (26r) - erRf cos (20r) (5.59)2
This yields the result:
Or = arctan ~ arctan (5.60)
2
where the relationship on the far right is in the limit of i >> L Finally, also in this
limit, we can write the relationship:
AE = Eo - Or (5.61)
Which is yet again a result identical with the case of 6 0 = 0. We also calculate U in
the same fashion as before, and obtain:
O3R2 + -e_2] (5.62)
Taking the difference A6,/2 = O(Er) - O(99):
A 2R/ 2 P 3 2 (5.63)
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With this we can write out the full equation for the globule-stretch transition for
80 = -r/2:
Pg-sU = PqsPg-s,qs + Ptr Pg-s,tr
1 Ce12(Ae) I Erfc +
1+ Ce-A ) /)/
[ Ce-AC/2(Ae) *f O7T*)1/ 3  (5.64)ErfA c (5.64)1Li+ Ce A42(Ae) rck(j'r)1/3 J
which is essentially equivalent to equation 5.47 for 6 0 = 0, in accordance with the
similarity between Figure 5-6a and Figure 5-3.
Similarly, the tumbling-non-tumbling transition displays essentially the same be-
havior in both 6 0 = 0 and E0 = -r/2. We again write the magnitude of chain-end
fluctuations:
(z'2 ( 7 ' I 1/2 (5.65)((1%0/890)|Eo
and substitute in:
'o|__ = -yrTN sin (2E8o) + 22rN cos (2E8o) ~ -2Nir (5.66)
which yields the familiar result for the tumbling-non-tumbling transition:
* ~Ne*3/2 Ti/2 (5.67)
5.3.3 8 0 = -r/4
The case of 6 0 = 0 and e0 = -r/2 are analogous to each other, with qualitatively
similar behavior that is characterized by roughly-independent shear and elongation
directions. With the case of 6 0 = 7r/4 we expect cooperative behavior due to the
elongational direction of the shear flow being in the same direction as the direction
of the elongational flows. Simulations using this geometry demonstrate markedly
different behavior in a shear-elongation plane, which is plotted in Figure 5-6b in the
same fashion as Figures 5-3 and 5-6a. We again demonstrate that this behavior is
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Figure 5-6: The tensile-force contour plots within e-4 space for E0 = 7r/2 (a), 7r/4
(b), 7r/6 (c), and ir/3 (d). Dark lines correspond to equations 5.64, 5.76, and 5.100
for their respective values of 6 0 . There is good agreement between these values and
the apparent globule-stretch transitions. Dotted lines correspond to the relaxation
transitions, which at high values of y are due to tumbling behavior and at low values
of i are due to entropic relaxation. The fit lines represent the scaling seen in equa-
tions 5.67, 5.77, 5.86, and 5.95, while the black dots represent simulation data. See
Figure 5-5 for more data on these transitions. All plots are for N = 50 and i = 1.5.
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predicted by our theory. The flow field is now described by:
yTNibo = eTrNcos (20) - [1 - cos (20)] (5.68)2
irN
Vr = erN sin (20) + 2 sin (20) (5.69)
This results in the following characteristics (with the approximation that 4>> e used
appropriately in the same fashion as the above results):
e9 = I arccos . . (5.70)2 Le J
e,= 0 (5.71)
E8M = 7r/4 (5.72)
2 71/25 2&32
AU,/4 ~ .(5.73)
frot,tr ~ (5.74)
frrotots ~ ~~ 12 (5.755-fRl3 [ i + ]] >4
This can be combined to yield the results:
Pgs = PqsPg-s,qs + PtrPg-s,tr
Erfc (er* + 74r/6) 1/3 +
1+ Ce-U&/(Ae) J (r + 74r/6)1/3[ Ce-AU/4(Ae) (& + 74ir*/6)1/3 (5.76)
+ Erfc (576
1+ Ce-A4(Ae) (er + 74T/6)1/ 3
and
N* 4e*3,T2  (5.77)
where the first result simplifies to the equation for pure elongation or shear when a
negligible amount of the other component is involved. These results are plotted on the
graph in Figure 5-6b. As mentioned previously, it is straightforward to translate these
results to describe behaviors in a rotation-elongation plane through the substitution
of 4 -- (1/2)cD + (1/2)e.
This same process can be used to determine the results for increasingly complex
flows, such as the case of 6 0 = -r/3 and 7r/6, the results of which are included in the
Appendix. These results are plotted in Figures 5-6c and 5-6d. The similarity between
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these two curves again highlights their equivalence upon decomposition to rotational
and elongational components in the same fashion as 60 = 0 and 6 0 = 7/2.
5.3.4 Relaxation transition
We briefly consider the relaxation of a collapsing polymer in a flow field in the absence
of tumbling. Figure 5-7 demonstrates the hysteresis of a globule-stretch transition
in the presence of an elongational flow field. In order for the polymer to retain
a globule conformation from a fully stretched conformation, it must relax enough
such that there is sufficient chain self-interaction to allow the polymer to realize a
kinetically viable relaxation pathway. As demonstrated in Figure 5-7, this point
occurs when the polymer begins to relax due to an entropic restoring force. Since
the critical mechanism is due to the competition of entropic forces and the stretching
forces of the fluid flow, we expect this transition to be directly correlated to the
coil-stretch transition point that has been widely studied. Since this behavior is well
understood, we choose not to investigate this behavior and instead simply define a
critical elongation rate 2, that is governed by the characteristic relaxation time of the
polymer.
In the case of 6 0 = 0 and -r/2, this value is independent on the value of the shear
rate -. In the cases of r/4, r/3, and r/6, there is a strong i dependence due to the
presence of the elongational component of the shear flows. Using the straightforward
relation:
er ~ V,,e (5.78)
Na
we can determine the dependence of e, on -. These are plotted on Figure 5-6c and
5-6d at points where it can be seen in the scope of the contour plot. These relations,
as well as those for the tumbling-non-tumbling transition, are re-plotted together on
Figure 5-5b to demonstrate the full range of these functions. Clearly, these functions
are well described by the theory.
5.3.5 Extension to 3-dimensions
The flows considered here are 2-dimensional since we set the applied flow field in the
z-direction to be zero. We expect that the analysis performed here for 2-dimensional
flows could be applied in exactly the same way to a 3-dimensional flow. This type of
analysis would be much more computationally taxing, and analytical solutions would
be tedious, but not prohibitive. The critical parameters of 60, 8,,m, and AU would
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Figure 5-7: The hysteresis present in the stretching and collapsing behavior of a
polymer chain with high Ai6(= 1.5) self-interactions (red). Filled symbols represent
increasing er and open symbols represent decreasing er. This is compared to the
behavior of a chain extending at e-conditions (black, ii = 0.41).
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still govern this behavior, however they could be at any point along the globule-surface
and thus a second angular component would need to be introduced.
5.3.6 Understanding collapsed globules in rheological flows
When the rheological properties of polymers in flow are considered, connections must
be made between the microscopic representation of the polymer and the macroscopic
properties of the system (most importantly, viscosity). For example, the widely used
dumbbell model represents a single polymer chain with a representative "dumbell",
which consists of two spheres to represent the drag on the polymer due to flow that
are connected by a spring that represents relaxation forces (i.e. entropic relaxation
and chain connectivity forces at high extensions). The most simple versions of these
models are derived from a consideration of the configurational phase space occupied
by a polymer and how it will respond to an applied flow field. These models are
convenient since they can be analytically incorporated into constitutive equations
and applied to real fluid flows.
In this specific case we provide an example of how a similar connection can be
made between the microscopic behaviors described in this paper and the macroscopic
rheological properties of a dilute globule solution. We can treat the system, rather
than an average over all of phase space, as a linear combination of two discrete states.
This is possible since there is a large kinetic barrier that separates two very small
areas in phase space - the point that represents the fully-elongated polymer and the
area that represents a polymer globule. Dynamically, it is possible to access states
in between these two during transitions, however we make the assumption that these
states are transient and that the overall contribution of these states are negligible.
With these considerations, and retaining our assumption of dilute solution, we can
simply represent the rheological properties (for example, the polymer contribution
to the viscosity qp) as a sum of the contributions of stretched polymers (7p,, and
collapsed polymers (7pg):
17P fr7pr + fg7p,g (5.79)
where the subscript r corresponds to the result for a rod polymer and the subscript
g corresponds to the result for a globular polymer. The values fi are the fractions of
polymers in state i. The rheological properties of rods and globules are well-known,
and we will not cover them here. [30] The introduction of our model above is required
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to find the values of fi through the use of the equations:
fr(t) = j [fg(t')Ps(Th(t')) - fr(t')P_g(r(t'))] dt' (5.80)
fg(t) = j' [-fg(t')Pg_,(1(t')) + fr(t')Ps_.g(r(t'))] dt' (5.81)
where P, and P.-g represent inputs from the general theory given above, and we
reintroduce the general flow function rh to represent the local flow conditions.
5.4 Conclusion
In conclusion, we have developed a general theory for the behavior of collapsed poly-
mers in mixed elongational and shear flows. This theory is based on the characteri-
zation of two "transitions" that can occur between globule and stretched states. In
the globule-stretch transition, a thermally activated chain end protruding from the
surface must be long enough so that the flow profile around the globule can overcome
the cohesive force holding the globule together. Once elongated, the chain can revert
to the globule state either through a driven tumbling process or an entropic relaxation
process. The criterion for all of these transitions are described in a quantitative fash-
ion, and are fit to simulation data for two-dimensional flow fields. Generalizations to
three-dimensional flow fields is discussed, as is the incorporation of these results into
rheological equations for dilute solutions. The existence of large hysteresis effects,
especially in the elongation direction, must be taken into account in this case, and
such solutions will demonstrate non-trivial memory effects.
The behavior of collapsed homopolymers in flow is becoming increasingly relevant
as the importance of globular polymers is being realized; this allows us to utilize
the correspondence between homopolymer globules and the quaternary structures of
biopolymers such as vWF has shown both that these types of behaviors can be crucial
in biological processes, and furthermore such physics may be a useful route to creating
switchable polymers that respond to fluid flow stimuli. [13, 15]
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5.5 Appendix
90 = ir/3, r/6
For the case of 0 0 = 7r/3, we use the same methods used in Sections III A-C to obtain:
Vr= - I - cos (20)] + &TN V3 cos (20) + sin
l,. = sin (20) + i-rN - cos (20) + V-sin
00 = arccos
(20)]
(20)]
Or = arctanl
2 +
222+ e2 1/2
2 2 + 8e2 + 4'\/U
1 arctan *~ N 2 2 r
\/732 3/2
fprot,qs l T f4i3 [-. 7\~j12 212
r i - + 7 l/2ei/2
fTN rhI [3 +fprot,t,- ~ ~~ 12
5r RT 1? +v i 
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(5.82)
(5.83)
(5.84)
(5.85)
(5.86)
(5.87)
(5.88)
(5.89)
7r
Ornax = -
2
For the case of 6 0 = 7r/6, we obtain:
= -'YT [1 - cos (20)] + ErN cos (20) - sin (20) (5.90)
ir = sin (2 0) + ErN cos (20) + sin (20) (5.91)
Or = arctan (5.92)
2 v/e+ [(2 2+4e2+3V Zei+i 2E+2 4 1/2
0= arccos + 82 + (5.93)
2 2 + 8e2 + 4v 5e
emx = arctan (5.94)
* ~ N 2e 27 (5.95)
AU,/& n (5.96)
5R lI + _ / 1 (5.97)
Iprot,tr ~2 + (5.98)
1r(-t{ 2 2<i
These again can be considered with the general format:
Pg-s = PsPg-s,qs + Pr Pg-s,tr (5.99)
which can be approximated as:
g-s - qs g-s,qs + tr g-s,tr ~
1 Erfc (er * + 7/5T/12)1/3
L1 + Ce-A/6(Ae) J (er + 7V3 r2)1/3
+[Ce6 /6(Ae) 1 Erfc (N/Y-T/2 + 7 T*/6)1/3  (5.100)I + Ce-U,/6 (Ae) ( 1/5 r/2 + 7'T/6)1/3
for both E0 = -r/6 and 6 0 = 7r/3.
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Chapter 6
Conformational dynamics and
internal friction in homo-polymer
globules: equilibrium vs.
non-equilibrium simulations
6.1 Introduction
The response of a single polymer to fluid flows has been well characterized in the pre-
ceding chapters of this dissertation, and builds upon the work of Netz and Alexander-
Katz. However, the transitions that were described are only quantitatively described
up to an order-of-magnitude comparison between the two transition probabilities.
This is sufficient for the preceding calculations, however full understanding of the
system will require knowledge of the dynamics of the globular state. This is of long-
standing interest in biological physics; conformational dynamics of polymers play a
crucial role in biological systems. For example, pore-translocation of polymers such
as RNA requires bond breaking and drastic conformational rearrangements to accom-
modate the geometrical constraints imposed by a pore [1, 2, 3]. Mechanical unfolding
of biopolymers in force spectroscopy experiments induces profound conformational
changes [4], which typically involve dissipative effects [5, 6]. RNA sequences known
as riboswitches experience conformational changes upon binding of small metabo-
lites [7]. All of these transitions necessitate spatial rearrangements of the molecules
and in certain cases require chain reptation within a collapsed region [8]. The time
scale on which these changes happen is influenced by the medium, particularly the
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solvent viscosity, and by the polymer itself, through internal interactions. Therefore,
if one desires to understand the dynamics of vWF unfolding, or similar processes such
as protein folding [9, 10, 11, 12], packing of DNA in the chromosome [13, 14, 15, 16],
polymer collapse [17, 18, 19], or adsorption [20, 21, 22], all dissipation and viscous
effects have to be considered [231.
While the viscosity of the medium certainly influences polymer chain dynamics,
there are a number of effects that together give rise to what is called internal friction.
Local interactions such as conformational transitions of backbone bonds and dihe-
dral angles [9, 24], entanglement effects and excluded volume interactions in polymer
systems, degrees of freedom orthogonal to the reaction coordinate [25], and the break-
age and reformation of cohesive bonds [10, 26, 27] all lead to dissipation and thus
increase the internal friction. For globular homopolymers, proteins in the molten
globule phase [28], and disordered intermediates during protein folding [29], these
effects can be conceptualized as roughness on a hypothetical free energy landscape,
corresponding to many competing and intermediate states [30, 311, leading directly
to the idea of an effective internal viscosity landscape [32, 33, 34]. There have been
a large number of coarse-grained simulation studies on the force-induced unfolding of
proteins [35], globular polymers [17, 21, 36, 37, 38], and the diffusion of knots along a
stretched chain [39, 40, 41]. Cohesive interactions between polymer monomers have
been shown to lead to a phase transition from a liquid-like to a solid-like globule for
long enough chains [42, 43, 44, 45, 46, 47, 48, 49, 50].
In this chapter, I present work performed in collaboration with Professor Roland
Netz and Dr. Thomas Einert at Technische Universitat Munich where we study in-
ternal friction in two model systems, which both can be realized experimentally. We
perform solvent-implicit Brownian dynamics simulations on a homopolymer. Attrac-
tive interactions are modeled with a Lennard-Jones potential, where the cohesive
strength it is varied. First, we study the diffusion of a globule, which forms from a
polymer chain held at constant extension smaller than the contour length. This sim-
ulation is conducted under equilibrium conditions and no external forces are applied.
For it < is, where fis depends on the globule size, pronounced diffusion of the globule
relative to the linker chain section is observed and characterized by the globule dif-
fusivity DG. DG is a direct measure of the internal globule viscosity, since motion of
the globule relative to the linker chain requires internal rearrangements. We observe
that the diffusion constant is proportional to the reciprocal globule size DG ~ Nal and
shows a marked dependence on the cohesive strength i. For it > is, no diffusion is
observed on the simulation time scales and the globule is stuck in a single conforma-
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tion. This reflects the change of the internal dynamics going from liquid-like (ii < is)
to solid-like (ii > 6is). Support for this interpretation is given by our second set of
simulations, where we measure the dissipated work during stretching and unraveling
the globule with a prescribed finite velocity. This is the same setup as studied by us
before, but here with significantly longer chains and slower pulling velocities [32]. Like
in our equilibrium simulations, we observe two different regimes. For large u > uis, the
force extension curves are characterized by pronounced fluctuations, which are absent
for it < 6is. Pulling decreases the number of monomers inside the globule, causing the
fluctuations to vanish once NG is below a certain threshold. Therefore, reducing the
number of monomers NG in the globule by stretching the chain, drives the system
from the solid into the liquid state, similar to the reduction of the glass temperature
of polymers close to interfaces[51, 52, 53, 54]. In the liquid state we perform exten-
sive simulations and show that the internal viscosity is extensive, meaning that the
dissipated work per monomer that is pulled out from the globule scales linearly with
the globular monomer number NG and the pulling velocity v, similar to our findings
from the equilibrium simulations. For the chain dynamics this means that in the
liquid-like regime, a model based on local viscous friction is valid, but that the vis-
cosity depends on the size of a globule. Clearly, internal friction effects dramatically
influences the time scales of chain dynamics in globules. In the solid-like regime, no
definite conclusion on the conformational dynamics is possible from the simulations
we performed.
6.2 Diffusivity of a globule along a periodic chain:
equilibrium simulations
In previous work, Alexander-Katz and Netz determined the internal viscosity 'rG of
a homopolymeric globule by measuring the dissipated energy when unfolding the
globule by pulling apart the chain ends at finite speed [32]. For moderate cohesion
u the internal friction is the dominant dissipative effect as long as the majority of
the monomers are part of the globule. However, as the globule is unraveled, the size
of the globule decreases and more and more beads in the linker sections dissipate
energy due to solvent friction. These effects had to be subtracted in order to obtain
the internal globule friction. Likewise, reaching the relevant linear-response regime
at low pulling velocities is subtle. Here, we introduce a novel system setup, where
we perform equilibrium diffusion simulations with a globule of constant size: The
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entire polymer chain is held at constant extension smaller than the contour length,
so that a globule forms for high enough cohesive energy. Since we fix the position
of the linker chain in space, as we explain further below, the diffusive motion of the
globule necessitates internal rearrangements, so that the globular diffusivity relative
to the linker chain is a measure of the globule internal friction. Since the method
works at equilibrium, the linear viscous regime is automatically obtained. By this
method, the internal viscosity inside the globule manifests itself as a macroscopic and
experimentally observable quantity: the diffusivity of the globule, DB ~ 1/G. This
system could be realized experimentally by a polymer held at constant extension in
an optical or magnetic tweezers setup [58]. In such an experiment the cohesive force
can be varied by changing the solution conditions, whereas the size of the globule can
be varied by changing the trap distance.
6.2.1 Model
Description of the system
We consider a polymer held at a fixed extension L = 50a in the x-direction, which
is smaller than the contour length LC = 2a(N - 1) of the polymer. A globule will
form for large enough attractive Lennard-Jones interaction between the monomers,
see fig. 6-1. To eliminate finite size effects, we introduce periodic boundary conditions
in x-direction, which are implemented via the minimum image convention [59]: The
components of the vector pointing from r(i) to r(i) are given by
r' D(rx , rx'; L) (6.1)
((rf) - rx) + 3L/2)mod L) - L/2 (6.2)
rr = r) - r) (6.3)
We use a box size L = 50a in all simulations. The potential energy has four contribu-
tions
U =Ub+Ur+ULJ+Utr (6.4)
Ub and U are the bond potentials acting between neighboring monomers. The back-
bone bonds are modeled by harmonic potentials
~ N-1 )2
Ub = E (' - 2f (6.5)2 j=
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Figure 6-1: The diffusion of a globule relative to the stretched polymer linker is
simulated. The globule mobility, the number of monomers NG inside the globule, the
diameter of the globule 1G, and the fluctuations of the linkers (i.e. the stretched part
of the chain that is not part of the globule) depend on the cohesive strength u, eq. 6.7.
Snapshots at different times for f6 = 0.8 (left) and 2.09 (right) are shown. To prevent
motion of the linker chain section and thereby obtain directly the globule diffusivity
relative to the chain, the monomer it, in the middle of the linker chain (indicated by
the arrow) is trapped by a harmonic potential, eq. 6.8. Periodic boundary conditions
for a box of length L using the minimum image convention are employed to model an
infinite polymer. The color coding indicates the running monomer index along the
chain.
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i = 0.8
with R = 200 and r(ie') = Ir(i,j)I, see eq.6.1. As periodic boundary conditions are
employed, the polymer forms a closed ring, which is achieved by connecting the first
and last monomer by
Ur = ((N, 2)2 (66)2
The monomer cohesion and excluded volume interactions are modeled with a Lennard-
Jones potential
N i-1 '2 12 6( 2 
ULJUj= (jis) 2 (6.7)
u = 0 models an ideal phantom chain without excluded volume interactions and
attractive interactions between the monomers. For ii > 0 the first term in eq. 6.7
accounts for the repulsive excluded volume interaction at short separations, whereas
the second term is responsible for cohesion which reflects hydrophobic attraction
between monomers in a solvent-implicit fashion. For 0 i <iG s 0.5 the polymer is
in the swollen state and no globule exists. Increasing 6i above i causes the polymer
to collapse and a globule forms. The static globule behavior from our simulations
agrees with previous work [17, 32, 42, 43, 44, 45, 46, 47, 48, 49, 50, 60]. The value of
the cohesive strength at the globule transition, so, depends on the system size [43]For
even larger values ft > is a solid phase appears. As we are interested in the relative
motion of the globule with respect to the rest of the chain, we prevent the linker
chain from moving by an external trapping potential acting on one monomer, Utr,
which can be viewed as the effect of e.g. optical tweezers. The linker chain is the
stretched part that does not belong to the globule, fig. 6-1. We introduce a harmonic
trap potential
er = Ktl(j(itr) - N)2  (6.8)2
which is located at N and acts on bead itr that is in the middle of the linker, with
stiffness R = 10. The index of the trapped bead ir depends on the position of the
globule and on the set of beads that belong to the globule. The exact definition of
the globule is described in the next section. Due to globule motion, the index of the
bead in the middle of the linker might change from it, at time t to i', at some later
time t'. If this happens, we update the x-coordinate of the trap position to the new
position R.(t') = R2(t) + 2aD(ir, i',; N), eq. 6.1, and the trapping force then acts
on bead i't,. The trapped beads in the snapshots shown in fig. 6-1 are indicated by
arrows.
This setup allows us to study the diffusion of the globule relative to the linker chain
along the x-axis. The effect of using periodic boundary conditions rather than long
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Figure 6-2: The density profile of the globule depends on the cohesive strength .
The globule is defined as the region where the monomer density is p > 5/a (indicated
by the horizontal line).
linkers to each side is fourfold. First, the simulation is sped up as the system is smaller.
Second, the globule is stabilized as the configurational space for the unfolded system
is reduced since only fluctuations up to a wavelength of the order of the simulation
box are possible. Third, motion of the globule as a whole without internal friction is
reduced. Fourth, knots may not form as the polymer forms a closed ring.
Definition of the globule
We partition the x-axis into bins of width Ib = 2 and measure the monomer density Pk
in the kth bin, k = 1, ---, L/lb. The globule is defined as the region, where the monomer
density projected on the x-axis fulfills the condition Pk > 5/a. In fig. 6-2 the density
profiles of the snapshots in fig. 6-1 are shown. If at the edge of the globule the
density profile is not monotonous and Pk < 5/a, but Pk-1, Pk,1 > 5/a, we account for
such cases by adding these bins to the globule, too. This ensures that we end up with
a list of bins that are connected. For small i < 1 and small N < 150 it is possible
that - according to the above definition - more than one globule exists or that the
globule is smeared out over the complete simulation box, however we will not consider
simulations in which this occurs. Such complications are never observed for i > 1 and
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N > 150.
Definition of the index of the trapped bead
Let us first define the index of the bead i,, which is at the right edge of the globule,
and the index of the bead it, which is at the left edge of the globule. i, is obtained
by picking a monomer inside the globule and moving along the chain contour with
increasing monomer index. i, is the largest index that is still in a bin belonging to
the globule. We also check for loops, which leave the globule and return again: If
a loop occurs, we add all monomers of the loop to the globule even if they lie in a
bin outside the globule. it is defined in the same way yet by decreasing the index.
The index of the central bead ic in the middle of the globule and the number of
monomers NG inside the globule are defined as i, = (i + i,)/2, NG = i, - it + 1 if i < i,
and ic = (it - N + i,)/2, NG = i- ~ i, + 1 if it > i,. The index of the central bead ic
yields the index of the trapped bead via it, = ic + N/2, which therefore depends on
the motion of the globule. We could have also trapped a fixed monomer for the whole
duration of the simulation. Our procedure (i.e. trapping a bead that by construction
is never part of the globule) allows maximal dynamic freedom for the globule and
thus improves equilibration of the system.
6.2.2 Results
Number of monomers inside the globule
The number of monomers NG inside the globule depends on the chain length N and
on the cohesive strength u, fig. 6-3a. Increasing u raises NG only up to a limiting
value N&, which is determined by the equation
(N )1 + (N - N ) = L/(2a) (6.9)
Eq. 6.9 describes a close-packed spherical globule consisting of N monomers with a
tightly stretched linker consisting of N - N monomers. As the limiting value of our
simulations coincides with the predicted value of eq. 6.9, as shown in fig. 6-3a, our
definition of the globule is justified. For large u, the linkers are completely stretched,
as the energetic gain of a monomer joining the globule outweighs the entropic loss of
reducing the fluctuations of the linker. For small u, monomers are not tightly bound
to the globule as can be seen qualitatively from fig. 6-1. Therefore, size fluctuations
of the globule are more substantial for small cohesive strengths and decrease upon
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Figure 6-3: 6-3a The number of monomers NG inside the globule increases weakly
with the interaction strength u until it finally levels off. The limiting values N are de-
picted by horizontal broken lines and are determined by eq. 6.9, describing a spherical
globule and tightly stretched linkers. Error bars denote the standard deviations of the
distributions. 6-3b Probability distribution of the number of monomers NG inside the
globule for chain length N = 200 and different cohesive strengths ft = 0.8, 1, 1.5, 2.81.
For small u considerable size fluctuations are observed, which decrease upon increas-
ing u. Further, increasing u raises the mean NG up to the limiting value N& given by
eq. 6.9 (broken vertical line).
increasing u, as shown in fig. 6-3b.
Definition of the center of the globule
In order to properly describe the motion of the polymer in a simulation box with
periodic boundary conditions in x-direction, we introduce non-periodic polymer co-
ordinates {j(N) }, which are not restricted to the primary simulation cell. They are
defined recursively starting from the first monomer with f(' = r(' via
f('+1) = i(i) + r(' (6.10)
for i > 1, where r(ii+') is given by eq. 6.1. Since we are considering a ring-like polymer
with periodic boundary conditions in the x-direction, the center of mass of the globule
has to be defined carefully.
The center of the globule r(G) is calculated by using the non-periodic polymer
coordinates, eq. 6.10, according to
r(G) _ . -(i).(6.11)
NG i
Periodic boundary conditions may introduce jumps of the size of the box L in the
trajectory r(G)(t). We remove those jumps by connecting the value of any quantity
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Figure 6-4: Trajectories of the x-coordinate of the center of the globule, r (G) defined
in eq. 6.11, for N = 200 and various interaction strengths ii = 1, 1.25, 2.5, 2.81. The
smaller the attractive interaction between the monomers, the more mobile the globule
is. If u is large, the globule is frozen in a single conformation and does not move at
all.
q(t) at time t, which is subject to periodic boundary conditions, with the value
q(t - At) in the previous time step via the minimum image condition.
Diffusivity of the globule
Our setup enables us to study the motion of the globule in space in a fashion that
is coupled to its internal conformational dynamics. In other word, since we fix the
linker chain in space, only internal chain rearrangements within the globule lead to
diffusion of the globule in space. In fig. 6-4 trajectories of the x-coordinate r(G) of
the center of the globule, eq. eq.refeq:14, are shown for N = 200 and various cohesive
strengths u. Fig. 6-4 demonstrates that the diffusivity decreases with increasing u. As
the monomers become more cohesive, it is more difficult for the globule to rearrange
internally and hence to move. This effect is further accented by the increase in globule
size NG, see fig. 6-3, which additionally decreases the mobility of the globule.
To quantify these observations, we calculate the mean squared displacement (MSD)
of r G). For normal diffusive behavior one expects the MSD to scale linearly with time
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Figure 6-5: The mean squared displacement (MSD) of the center of the globule
for N = 200 and fL = 1, 1.75, 2.5, 2.81 is calculated from the trajectories, fig. 6-4,
using eq. 6.12. Symbols denote the measured MSD from our simulations, lines the
corresponding linear fits for MSD(t) >- 10. For U-~ < Us With fi 2.3 for N = 200, the
globule exhibits normal diffusion aind the diffusivity DG decreases as u increases. For
iit = 2.5, normal diffusive behavior is obtained, whereas for ft = 2.81 the diffusion time
scale is of the order of the simulation time and normal diffusive behavior is barely
reached.
175
and to be characterized by the diffusion constant DG
MSD (G)(t) - (G) (0)) 2) f (r (G)(t+t,) r (G) (t) dt' = 2DGt (6-12)
MSD curves for N = 200 and various cohesive strengths are shown in fig. 6-5 on a dou-
ble logarithmic plot. The MSD curves are fitted with linear functions for MSD(t) > 10
in order to obtain the diffusion constant DG. For small u < us, normal diffusion is
observed with DG decreasing as u increases. However, as can be seen in fig. 6-5 for
N = 200 and ii = 2.5, the normal diffusive regime only occurs at very long time scales
and for ii = 2.81 is barely reached on the time scales of our simulations. We attribute
this to a change of the internal dynamics of the globule, which is slowed down with
increasing cohesion and is effectively suppressed for u > us. One remaining pathway
for the globule to rearrange at very large cohesion is to dissolve - at least partly -
and refold into a different configuration. As a consequence, the time scale character-
izing the internal dynamics should become comparable to the time scale on which the
globule dissolves. This dissolution time is huge as it scales exponentially with uNG
and is beyond our simulation time. For that reason we observe only stuck globules for
large cohesive strengths, which remain in a single conformation. The fitted diffusion
constants are shown in fig. 6-6 and contrasted with an idealized limit, where internal
friction is absent and the globule and the linker move independently. The diffusivity
in this limit is given by the Rouse diffusion constant of N' monomers [55]
[tOkBTDo = NB (6.13)
NG NG is the reduced number of monomers within the globule that actually have
to comove when the globule is displaced by some distance x. N' can be estimated by
continuing the linker through the globule and subtracting the number of monomers,
which belong to this internal linker section, from NG, see fig. 6-7 for an illustration,
N5 = NG - (G - NG) G
L - 1G
In fig. 6-6a a pronounced dependence of the diffusion constant DG (open symbols) on
the globule size NG is observed. The diffusivity decreases as the internal interactions
u increase. This is due to the coupling of the internal dynamics of the globule to the
overall motion of the globule, because, as explained before, in our simulation setup
the linker is fixed and the globule can only move via internal conformational chain
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Figure 6-6: 6-6a Diffusion constant DG of the globule (open symbols) as obtained from
linear fits to the MSD curves, fig. 6-5. DG decreases with increasing N and u. At
u = us, with us depending on N, a transition of the internal dynamics occurs and the
diffusion constant drops to zero. DG is compared to the ideal Rouse diffusion constant
Do (solid symbols) of a globule with Nb monomers, eqs. 6.13 and 6.14, which can
move freely and independent of the linkers. (b) Rescaling the actual diffusion constant
by the ideal diffusion constant, DG/DO, removes the N dependence to a large extent
in the liquid regime.
reorganization. Slowing down the internal dynamics by increasing u thus reduces the
mobility of the globule. For small u one observes DG ~ Do (filled symbols), implying
that internal friction is unimportant. Conversely, increasing u causes increasing devi-
ations between the mobility of the globule and the ideal system, until finally DG drops
to zero as the liquid-solid transition is crossed. For u > us the globule is in a frozen
state with strongly suppressed internal dynamics. Since the linkers are trapped, this
also impedes the motion of the globule as a whole and leads to a vanishing diffusion
constant. To disentangle size from cohesive effects, we show the rescaled diffusivity
DG/Do in fig. 6-6b. For u -- 0 the rescaled diffusivity approaches unity, indicating
that internal friction is unimportant. The rescaled diffusivity exhibits for small co-
hesion only a weak dependence on the size of the globule. As u approaches the solid
regime, however, deviations between different system sizes become observable. Thus,
we propose that in the liquid regime, the internal friction is extensive and to leading
order scales with the size of the globule
DG 1/Nb (6.15)
as will be corroborated by our non-equilibrium simulations in section 6.3. Further
below we will also show how the internal viscosity within the globule can be extracted
from the diffusivity ratio DG/Do.
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Figure 6-7: Illustration of the concept and calculation of the reduced number of
monomers NG in the globule. For a displacement of the globule by a distance x only
a reduced number of monomers have to move along, here NG = 14 (shown in orange).
In order to obtain NG, the linker is continued through the globule and the monomers
belonging to this internal linker are subtracted from NG yielding N', see eq. 6.14.
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6.3 Forced unfolding of globules: non-equilibrium
simulations
6.3.1 Model
We now discuss our simulations for the non-equilibrium force-induced dissolution
of homopolymeric globules. Here, the two chain ends are positionally constraint
at r( 1)(t) = -R(t) and r(N)(t) = R(t). The trap positions are moved at constant
speed R2(t) = R(in') + vt with Ry/z = 0, from Rmi'") up to a maximal position
R'"max) = a(N - 1), producing a time-varying chain extension x(t) = 2R2(t). During
the pulling, the force acting on the terminal beads is measured. The backbone bonds
are modeled by a harmonic potential Ub as before, see eq. 6.5. Excluded volume and
cohesive interactions are again modeled by a Lennard-Jones potential ULJ, eq. 6.7. We
no longer employ periodic boundary conditions, however still prevent knot formation
by introducing a potential, which mimics two repulsive bars that extend from the
first/last bead to the left/right along the x-axis
U= 1 (i))12 - 2(2a/() 6 + 1) if p(i < 2a and IrxI > R (.
0 else,
p(W = r + r . Uk does not affect the stretching response. The total energy
is therefore given by U = Ub + ULJ + Uk. Two different protocols, annealed and un-
annealed, are used for the initial configurations in order to investigate the history
dependence on the globule pulling response. We record force extension curves for
various chain lengths N = 50, 100, 200, 300, cohesive strengths 0 ii 4.1, and pulling
velocities ~3 = v/(a/T) = 0.001, 0.0045, 0.01, 0.0225, 0.045 going significantly beyond
our previous work, where the largest system was N = 100, the slowest velocity was
f) = 0.0045, and only un-annealed initial configurations were used [32]. For each
parameter set, twenty stretching cycles are simulated.
Annealed initial structures
Annealed initial structures are obtained by performing an equilibrium annealing sim-
ulation with moderate cohesive strength F1 = 0.8 and fixed trap position R2 = 0.1aN.
The LJ interaction is strong enough to induce globule formation, yet small enough
to allow for rapid equilibration of the chain conformation inside the weakly collapsed
globule. Knot formation is prevented by virtue of the potential in eq. 6.16. Every
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Figure 6-8: Illustration of the two different pulling protocols. R. denotes the positions
of the two traps that positionally constrain the chain ends. 6-8a Preparation of the
annealed structures. After a long equilibrium run with ii = 0.8 and R. = 0.1 (broken
line), the globule is equilibrated at the cohesive strength at which the pulling curve is
recorded (horizontal solid line). The subsequent pulling cycle is depicted by the thick
gray line. 6-8b Preparation of the un-annealed structures. The traps are moved from
complete extension, R. = a(N - 1), to R, = 0.03aN, which ensures that one single
globule forms. Without pausing, the pulling cycle starts and force extension curves
are recorded and analyzed in the interval 0.1 < RI(aN) < 1 (thick gray line).
annealed
un-annealed
Figure 6-9: Typical initial configurations in the annealed (top) and un-annealed simu-
lations (bottom) for i = 2.91 and i = 0.001. For the large u shown here, the collapsed
un-annealed structures show some residual ordering. The color coding indicates the
monomer index along the chain contour.
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t = 20000-r a structure is recorded, which is subsequently equilibrated for t = 10000T
using the target cohesive strength at which the pulling simulation is to be conducted.
The resulting structure is used as one initial configuration for the subsequent pulling
cycle. In fig. 6-8a the pulling protocol is illustrated and in fig. 6-9 typical initial
configurations are depicted.
Un-annealed initial structures
This set of initial structures is obtained by starting from an extended configuration
and moving the traps from R(") = a(N - 1) to R- = 0.03aN. Typically, we observe
the formation of one globule for f) < 0.01 and the formation of two globules near the
traps for f) > 0.01, which merge at small extension, see snapshots in fig. 6-8b. Without
pausing, the traps are subsequently extended to R, = 0.1aN, where the actual pulling
cycle starts and force extension curves are recorded for further analysis. During the
compression stage, the traps are moved with the same velocity v with which the force
extension curve is recorded, fig. 6-8b. For larger cohesive strengths u, non-equilibrium
ordered structures prevail as initial configurations for the subsequent pulling cycle, see
fig. 6-9 for an illustration. Although not the prime target of our present investigation,
such structures might be of relevance when studying the dynamics and packing of
DNA chromatin structures far from equilibrium [13, 14, 15].
6.3.2 Liquid-solid transition for large cohesive strengths
In fig. 6-10, stretching curves averaged over twenty pulling cycles for the annealed
pulling protocol are shown for various cohesive strengths u and i) = 0.001, N = 300.
Beyond the globule transition, U > UG ~k 0.5 [32, 43, 60], an u dependent force plateau
is observed. The plateau force Fp increases as u increases and is, for the relatively
slow pulling speed shown here, mostly associated with the equilibrium free energy
per unit length of globule formation, Fpa ~ U - UG [32]. For large extensions of the
order of x/Le ~ 0.8, a dip in the force extension curve appears, which is the signature
of a pulling induced globule dissolution. For even larger extension, essentially no
monomer contacts are present, and the force extension curve becomes independent
of the cohesive strength u and follows the trace of an extensible freely jointed chain
(shown as a broken line)
x/Lc = coth (2aFI(kBT)) + kBTI(2aF) + F/(2ar,) (6.17)
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Figure 6-10: Force extension curves for constant velocity '~D = 0.001, various cohesive
strengths and N = 300 using annealed initial configurations. All curves are averages
over twenty pulling cycles. Above the globule transition, U > 6B u 0.5, a force plateau
followed by a dip in the force extension curve is observed. The broken line depicts
the theoretically expected force extension trace of an extensible freely jointed chain
for ii = 0, eq. 6.17. For ii = 2.5 the pulling curve exhibits a marked maximum at small
extensions, which indicates frozen internal dynamics.
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A phantom chain (f2 = 0) coincides perfectly with eq. 6.17. The curve for i! = 2.5 fea-
tures a maximum at x/Lc ~ 0.3, whose origin will be discussed in the next paragraph.
Fig. 6-11 shows force extension traces for the two different pulling protocols for N =
300, ij = 0.001, and relatively strong cohesive forces i = 2.08, 2.5, 2.91. The thick curve
in each plot depicts the average over all 20 pulling curves, while the thin curves show
individual force-extension traces for different initial configurations. In figs. 6-11a-c
pulling curves starting from un-annealed configurations are shown. Increasing u leads
to an increasing plateau force similar to fig. 6-10. For i! 2.5 stronger fluctuations of
the force are observed, but the force extension traces are qualitatively similar to the
curves for ii = 2.08. The situation is vastly different for pulling curves starting from
the annealed initial configurations, figs. 6-11d-f. Again, for small cohesive strengths
ii 2.08 the pulling curves are smooth and no strong fluctuations occur, cf. fig. 6-10.
However, increasing the cohesive strength further leads to pronounced fluctuations
in the force extension curves. This is due to a transition of the internal dynamics
from liquid-like to solid-like [32, 42, 48, 49, 50, 45, 61]. Since the un-annealed initial
configurations are rather ordered - especially for large u - the globules are easily
unwound by simply retracing the configurational intermediates that were encountered
upon folding in reversed order. The liquid-solid transition occurs for the un-annealed
structures, too, but has almost no effect on the non-equilibrium pulling simulations.
This is very different for the annealed simulation protocol, where the mean force
is higher and the variation of individual force curves around the mean force is also
pronounced.
The dependence of the liquid-solid transition on the globule size NG is illustrated
in fig. 6-12. Here, force curves obtained using the annealed pulling protocol are
plotted versus the number of monomers NG inside the globule for different monomer
numbers N and cohesive strengths. NG is calculated via a modified version of eq.
6.9 where the extension x of the polymer is used instead of L. One notices that
the pronounced noise in the curves ceases once the globule is below a certain size,
i.e. once NG is below a certain threshold value, where this critical size depends on
u. This feature is independent of the chain length N but solely depends on NG, i.e.
curves with equal u but different N coincide once the globule size has fallen under
the critical size [42, 43, 44, 45, 46, 47, 48, 49, 50]. The cohesive strength us at which
this liquid-solid transition occurs is also independent of the pulling velocity within
the range of velocities studied. In fig. 6-13 we see that for fL = 2.08 even with the
highest pulling velocity, no large fluctuations in the force extension curves are induced
and the globule remains in the liquid phase. Therefore, the liquid-solid transition at
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Figure 6-11: Pulling curves for N = 300 and f) = 0.001 with (a-c) un-annealed and
(d-f) annealed structures as initial configurations. The thin lines are individual force
extension traces, whereas the thick black line is the average over twenty pulling curves.
The un-annealed structures exhibit rather smooth pulling curves and no drastic differ-
ences between the various cohesive strengths u is observed. In contrast, the annealed
structures feature marked fluctuations above a certain threshold ii s 2.1 for N = 300,
which diminish for large extension, i.e. when the globule sizes decrease. We attribute
these fluctuations to a liquid-solid transition, which dramatically changes the internal
dynamics (see text).
us is not a mere non-equilibrium pulling feature but an indication of a change in
the equilibrium internal dynamics. The transition observed in the non-equilibrium
pulling simulations is of course the same transition that induces the abrupt change of
the equilibrium globule diffusivity, demonstrated in fig. 6-6, since both the equilibrium
globule diffusion and the non-equilibrium pulling response are ultimately related to
the configurational chain dynamics inside the globule.
6.3.3 Internal friction
Internal friction is viscous
For small u < us, the internal chain dynamics is fast and no significant difference
between the simulations with annealed and un-annealed initial configurations is ob-
served. In fig. 6-13 pulling curves for various pulling velocities v are shown. We
observe that even for a cohesive strength as large as ii = 2.08 and polymers as long
as N = 300, the two slowest pulling curves f) = 0.001, 0.0045 almost coincide. This
indicates that force extension curves for f; = 0.001 are already very good approxima-
tions for equilibrium curves. Increasing velocity leads to increasing energy dissipation.
There are two major mechanisms leading to dissipation: solvent friction and inter-
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Figure 6-12: Averaged force extension curves in the vicinity of the liquid-solid tran-
sition are shown as a function of the number of monomers inside the globule, NG,
eq. 6.9, for the annealed set of initial configurations. Once NG is below a certain
threshold (% 100 for ii = 2.91, s 140 for fi = 2.5) the globule is driven into the liquid
state, and force curves for different N and equal ii collapse. The dependence of the
liquid-solid transition on NG is discussed in detail in ref. [42].
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Figure 6-13: Averaged pulling curves for various pulling velocities with N = 300, u =
2.08, and annealed initial configurations. The friction force increases with increasing
pulling velocity. The curves with the slowest pulling velocities b = 0.001, 0.0045 almost
coincide, indicating that with these slow velocities one has approximately reached
the equilibrium pulling limit. The dotted curve is one individual pulling curve for
f = 0.045. The inset illustrates the definition of the dissipated work, eq. 6.18, which
is the shaded area between the two curves.
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nal friction. These dissipation mechanisms dominate in different parts of the pulling
curve. For small extensions, when most of the monomers are part of the globule,
internal friction dominates. Towards the end of the pulling process, the globule is
markedly smaller and the solvent friction, which acts mostly on the linker chain, dom-
inates the pulling curve. The dissipated work AW(v, u) is defined as the difference
between the total work at finite velocity and the equilibrium work [32]
ALW(v, u) = W(v, u) - Weq(u) (6.18)
where the work done by one trap is generally defined as
R(max)
W =-() F(x)dx (6.19)
see the inset of fig. 6-13 for an illustration of this definition. The equilibrium work Weq(u)
is obtained from extrapolating W(v, u) to v -+ 0. In fig. 6-14 we show the dissipated
work per monomer, A W/N, as a function of the velocity v for N = 300 and various u.
Below the liquid-solid transition, ii <ii N 2.1 for N = 300, the dissipated work scales
linearly with v, which is further demonstrated in fig. 6-15, where the ratio AW/(vN)
is plotted. This shows that in the liquid state, the simulations are conducted in the
experimentally relevant linear response regime and the friction is essentially of vis-
cous nature. Above the liquid-solid transition this scaling breaks down, or, in other
words, the velocities probed in the simulations are not low enough to reach the vis-
cous regime. Further, we observe that below the globule transition, U < UG ~ 0.5, the
dissipated work is almost independent of the cohesive strength. This suggests that
monomer-monomer attraction and topological constraints, e.g. entanglements, are
negligible for small values of the cohesive strength, i.e. in the non-collapsed state. In
order to extract such subtle friction effects, much longer simulations would be needed.
Knots, which in principle might arise due to bond crossing, are not observed in our
simulations.
The fluctuations of the dissipated work can be conveniently used to define the
liquid-solid transition. In fig. 6-16 the standard deviation
o-Aw = fk/(k - 1) (AW 2 - (AW)2) (6.20)
obtained from k = 20 measurements of AW for i' = 0.001 in the annealed pulling
protocol is plotted against u on both linear and logarithmic scales. For u < us,
o-AwIN is independent of N and u. As one crosses from the liquid into the solid
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N 100 150 200 300
1 4 2.9 2.3 2.1
Table 6.1: The critical cohesion strength us of the liquid-solid transition depends
on the length of the polymer N. For u < us, the system is in the liquid phase and
fluctuations of the dissipated work are small. For u > us pronounced fluctuations are
observed due to slow internal dynamics, see fig. 6-16.
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Figure 6-14: Dissipated work per monomer AW/N as a function of the pulling velocity
v for N = 300 and different cohesive strengths u starting from the (a) annealed and
the (b) un-annealed set of initial configurations. Symbols depict simulation data, lines
show linear fits to the data according to eq. 6.24. Below the globule transition, ii <
LG s 0.5, the curves collapse, i.e. interaction contributions to friction are negligible.
Below the liquid-solid transition, i < fis s 2.1 for N = 300, the data is linear in v
in the whole range of velocities studied, indicating that friction is of viscous nature.
Above the liquid-solid transition the linear scaling breaks down. AW is slightly lower
for the simulations starting from the un-annealed set of initial configurations showing
that the globule is not completely equilibrated and still rather ordered.
phase at u = us, the fluctuations increase. Fig. 6-16 clearly demonstrates that us
depends on the system size N. The estimates of us extracted from the behavior of
cwIN are shown in Table 6.1.
Internal friction is extensive
We demonstrated that in the liquid state the dissipated work AW and thus the
internal friction scale linearly with the velocity v. Therefore, we can express the fric-
tion force Ff, in terms of a velocity independent viscous friction coefficient F(u, NG),
which depends on the number of monomers in the globule,
Ff,(v, u, NG) = F((v, u, NG) - Fe,(u, NG) = vr(u, NG) (6.21)
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Figure 6-15: Dissipated work per monomer rescaled by the pulling velocity,
AW/(Nv), as a function of the pulling velocity v for N = 300 and different cohe-
sive strengths u starting from the 6-15a annealed and the 6-15b un-annealed set of
initial configurations. Symbols denote simulation results, lines depict P as obtained
from linear fits according to eq. 6.24 in fig. 6-14. For u < us, our simulations are
carried out in the linear viscous regime and there is no v dependence after rescal-
ing. Above the liquid-solid transition the linear scaling in v breaks down. For ii = 0
and 2.08, error bars indicate the standard deviations of the twenty measurements of
AW(v, u).
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Figure 6-16: The standard deviation per monomer o-Aw/N of the dissipated work, as
obtained from twenty pulling cycles. For u < us, c-Aw/N is independent of the chain
length N and small. The fluctuations of the dissipated work increase significantly
when u > us, where us decreases for increasing N, see Table 6.1. The data is obtained
from simulations with i = 0.001 and annealed initial configurations.
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where Fe, is the equilibrium force extension curve. Analogous to the Stokes friction
of a sphere, we define the friction coefficient as [32]
F(u, NG) ~ arG(u)NG (6.22)
where ?JG(U) is the internal viscosity, which depends on u but not on NG. The
exponent y describes the dependence on the monomer number inside the globule,
and characterizes the friction mechanism at work during unraveling the globule. Two
limits can be distinguished: first, if -y = 0, the friction force is independent of the
globule size NG, and only a finite number of monomers, which does not scale with
NG, contribute to dissipation. We call this limit local or intensive friction, and
the pictorial mechanism for such a scenario could be that monomers are peeled off
one-by-one from the surface of the globule. Second, -y = 1 describes the limiting
situation where a finite fraction of the globule that is proportional to NG, or even the
entire chain, rearranges in the unfolding process and hence contributes to the friction
force. We call this limit global or extensive friction and note that there are several
conceivable microscopic mechanisms. One possibility could be a reptation scenario,
where a reorganization of the globule conformation is accompanied by a reptation of
the entire globular chain section (or a chain fraction of length proportional to NG)
through the globule. Another possibility would be that the stress propagates through
the whole globule and leads to dissipation without an actual reptation of the chain.
We did not analyze the precise microscopic dissipation mechanism and therefore leave
this issue for future work. Integrating the friction force, eq. 6.21, yields the scaling
form of the dissipated work
AW(v, u, N) = Fp.(v, u, NG)dX ~G(u)a2N Y'v (6.23)
where we assume NG ~ (Le-x)/(2a). In fig. 6-17 AW/N 2 is plotted versus v, the data
with equal u < us and different N collapse. This implies that the dissipated energy
per monomer AW/N and also the internal friction is extensive, -y = 1, meaning that
a finite fraction of the globule or the whole globule rearranges during pulling and
not only a few monomers. This scaling behavior breaks down above the liquid-solid
transition, which however does not imply that the friction becomes non-extensive but
rather that linear viscous scaling is not valid anymore. It is also not clear whether
the extensive scaling of the viscosity, defined here via the viscous force when pulling
a chain segment out of the globule, should be expected to persist in the limit of
very large globules, as the scaling suggests the viscosity in fact to diverge in this
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Figure 6-17: Rescaled dissipated work per monomer AW/(N 2v) as a function of
the pulling velocity v for different N and cohesive strengths u starting from the
annealed set of initial configurations. Curves with equal u and different N collapse
for u < us. This shows that the dissipated work per monomer is an extensive function
and AW ~ N 2v. Again, this scaling behavior breaks down above the liquid-solid
transition.
thermodynamic limit. More work on this is also needed.
Internal viscosity
To extract the internal viscosity quantitatively, we fit the dissipated work to a linear
form in v according to
AW(v, u, N) = P(u, N)v (6.24)
and extract the prefactor f(u, N), which is apart from geometrical prefactors pro-
portional to the friction coefficient 1 defined in eq. 6.21. As can be seen in fig. 6-14,
AW ~ v for all velocities studied if u < us. Consequently we include all velocity
data in the linear fit. However, for u > us a marked deviation from linear behavior
is observed. There, we fit only to the slowest velocities, where the data still scales
linearly with v. From the scaling I(u, N) ~ 7G(U)N-fl one sees that the relative
internal viscosity follows as
qG(u F(u, N) (6.25)
7G(0) F(0, N)
which is shown in fig. 6-18 for annealed and un-annealed initial configurations. Note
that in the limit of vanishing cohesion, u = 0, the globular viscosity ?7G(U) is due to
solvent friction effects only. The internal globular viscosity without solvent effects can
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therefore be defined by the difference 7G(U) - G(O), but note that this definition is
approximate since the solvent friction also depends weakly on the value of u since the
globular structure changes with varying cohesive strength. By plotting the ratio of the
viscosity in the presence and absence of cohesion, any residual numerical prefactors
and the polymer length dependence in eq. 6.23 are eliminated and we are able to
compare all different sets of parameters. The internal viscosities extracted from the
non-equilibrium pulling simulations coincide for different N, which indicates that the
scaling Ansatz F(u, N) ~ TG(u)NY'l works fine. In fig. 6-18a for the annealed pulling
simulations we add data for the internal viscosity obtained from the equilibrium
globule diffusion simulations, which are defined via iiG(u)I7G(0) = Do/Dc(u) (the
same data as already presented in fig. 6-6b). The viscosity data from the equilibrium
simulations are considerably lower for u < us. This might in part be caused by an
underestimate of the Rouse friction Do defined in eq. 6.13, which enters the definition
of the viscosity in the equilibrium simulations, or by additional dissipative mechanisms
in the non-equilibrium pulling simulations: sometimes it happens that the whole
globule is moved through the solvent when an entanglement within the globule does
not yield quickly enough, which causes additional solvent dissipation. Considering
that the two ways of extracting the internal viscosity are very different, in terms
of the geometry employed and the general setup (one being equilibrium, the other
non-equilibrium), we consider the agreement sufficient at the present stage.
In fig. 6-18 we compare our data to a simple model based on the effective friction
coefficient of a single particle diffusing in the periodic potential Up = (0,/2) cos (rx/a)
with amplitude 0. This potential mimics the energy landscape the chain monomers
are experiencing as they are moving against each other during conformational re-
organization processes. In writing the amplitude of the potential as 0, we assume
the corrugation strength to be proportional to the cohesive energy u. The numerical
prefactor 0 is a scaling factor that may be viewed as a fitting parameter. The solution
of this one-dimensional diffusion problem yields an effective viscosity [30]
= I(u)  ' " ( (6.26)
77(0) \0 (2kBT )
in the stationary long-time limit. Io(z) is the zeroth order modified Bessel function
with the asymptotic limits Io(z) 1 + z2/4 for z « 1 and Io(z) ~ ez/V27rz for z >>
1 [621. As can be seen from figs. 6-18, the rescaled internal viscosity from simulations,
as defined in eq. 6.25, is reproduced quite well by the model prediction eq. 6.26 with
a fitting value 0 = 1, which is shown by a solid line. Our results compare excellently
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Figure 6-18: Resealed internal viscosity 7G(u)IG(O), eq. 6.25, as a function of the
cohesive strength u for 6-18a, 6-18c annealed 6-18b, 6-18d un-annealed initial config-
urations. The viscosity qG(U) is obtained from linear fits to the dissipated work as a
function of the velocity v. As the data points for different N coincide, all F(u, N) ex-
hibit the same N dependence. The solid line is the prediction of the excess viscosity
of a Brownian particle in a sinusoidal potential, see eq. eq.refeq:28. In 6-18a, 6-
18c the viscosity ratio as obtained from our equilibrium simulations, see fig. 6-6b,
r/G(u)V/G(0) = DoIDG(u) is shown in addition.
to our previous results where smaller globules N 100 have been considered [32].
In the solid regime for large cohesive energies u > us, pronounced deviations be-
tween the equilibrium diffusional and the non-equilibrium pulling simulations appear,
which are better appreciated when the whole data set is plotted on a logarithmic scale
in fig. 6-18c. The pulling simulations give a much smaller viscosity when compared
to the equilibrium diffusion simulations, which shows that the pulling simulations for
u > us do not reach the linear response regime, a fact that is independently suggested
by the absence of scaling in fig. 6-14.
6.3.4 Summary for pulling on homopolymer globules
The dissipated work per monomer scales linearly in the pulling velocity, indicative
of viscous friction; the friction is also proportional to the number of monomers in
the globule and scales extensive, thus a finite fraction of the globule contributes to
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the internal friction, fig. 6-17. We show that the dependence of the internal friction
on the cohesive strength u is described well by the diffusion of a single particle in
a corrugated potential. We extend our previous results [32] to significantly larger
systems and are able to show that - below the liquid-solid transition - the history,
i.e. the preparation of the initial structures, does not influence the scaling results, see
fig. 6-18.
6.4 Conclusions
Two different dynamical regimes exist for a globular homopolymer, a solid-like regime
at large cohesive energies or low temperatures, characterized by a substantially in-
creased force needed to unfold the globule and by pronounced fluctuations in the force
extension traces, and a liquid-like regime at low cohesive energies or high tempera-
tures. The critical cohesive energy us at the transition between these two regimes
depends on the size of the globule NG , as shown in figs. 6-12 and 6-16. In the liquid
regime the monomers inside the globule are rather mobile and the internal friction
or viscosity in the globule can be extracted from simulations. The globule dynamics
is studied by two different scenarios, (i) by considering the equilibrium diffusion of
a globule relative to the linking straight chain sections, and (ii) by non-equilibrium
stretching simulations. In both scenarios we find that the internal friction or vis-
cosity is extensive, thus scaling linearly with NG and increases with growing u until
the liquid-solid transition is reached. The signature of the solid state is a vanishing
globule diffusion on the simulation time scales, DG = 0, for the equilibrium globule
diffusion setup, while huge fluctuations in the force extension curves are seen for the
non-equilibrium pulling setup. The solid state is characterized by very slow internal
dynamics and no reliable estimates for the internal friction can be obtained from our
simulations.
Note that we define the internal viscosity in a rather specialized way, namely via
the viscous force needed to pull a chain segment out of the globule (other definitions
of internal viscosity are possible and useful in different contexts). Our prediction
that the friction of chain motion scales extensively with the globular size should be
discussed in light of the classical reptation scenario [8]: Here, the friction coefficient
(per monomer) is assumed to be independent of the globule size but rather the whole
chain is assumed to move or reptate through the melt, also giving rise to an extensive
scaling of the friction. This suggests that reptation is at the heart of the extensive
scaling of the viscosity found in our simulations, but other mechanisms are also con-
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ceivable. It is not clear whether the extensive scaling of the viscosity likewise holds
in the thermodynamic limit and how a possible crossover is induced. For a melt con-
sisting of finite-length polymers, the chain size would constitute a possible crossover
length, for the hypothetical limit of a single infinitely long polymer chain no such
crossover length comes easily to mind.
The most direct experimental realization of our system would be possible with a
homopolymeric globule in a single-molecule setup. But there might also be implica-
tions for protein folding. Our results suggest that a quick collapse of a protein might
result in a kinetically trapped and misfolded hydrophobic core, a so-called molten
globular state, which would take a long time to fold into the native structure due to
high internal friction. Since the friction scales extensively with the monomer number
inside the globular core, the folding time becomes prohibitively long already for mod-
erate globule size. From solvent-viscosity dependent measurements of folding times,
the internal viscosity of a short a-helix forming peptide in the absence of solvent
viscosity effects has been estimated to be of the same order as the solvent viscosity,
i.e. 77G(U)/r/G(0) ~ 2 in our notation [9]. The interaction energy we extract from
fig. 6-18 follows to be of the order of u!~ 2.5kBT, not unrealistic for typical interac-
tion parameters for residue-residue contacts. When speculating about the relevance
of our results to protein folding, a few cautious remarks are in order: First, protein
collapse is driven by the hydrophobic effect, which is quite involved due to the pres-
ence of water solvent, neglected in our treatment using an implicit solvent model with
Lennard-Jones interactions. We would think that the scaling properties of the inter-
nal friction and internal viscosity will not change by adding explicit solvent, which
however should be tested. Secondly, specific interactions between protein residues,
sequence effects and the existence of a well defined native state will certainly alter
the friction behavior as well. One lesson that might be learned from our work is
that even for the relatively simple case of a homopolymeric globule, the concepts of
internal friction and internal viscosity are far from trivial.
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Chapter 7
Probing Structural and Dynamical
Transitions in Polymer Globules by
Force
7.1 Introduction
Internal friction can drive the dynamical behavior of globule biopolymers, such as
vWF, as shown in the previous chapter. For this rudimentary model, these effects
scale with the length of the chain in a fashion that suggests a reptation-based picture
of chain movement. It is apparent, however, that once attractions between adjacent
monomers gets large a regime is encountered where changes in chain structure result
in drastic changes in the dynamical response of these models. It is important that
the effects of these transitions on dynamics is understood, since this could be crucial
for the understanding of biopolymer behavior. For example, transitions between two
distinct conformations of a protein will be dictated by the internal barriers within the
reaction pathway.[1] On larger length scales, the ability of transcription enzymes to
access a certain gene will be regulated by the "breathing modes" of the confined DNA
in a chromosome.[2, 3] If the conformational dynamics of these globular biopolymers
are somewhat altered, so will the intrinsic timescales in which their functions occur.
Understanding the features that control the dynamics of such processes is thus of
much importance. In this chapter we consider a homopolymer globule, which has
previously served as a model system upon which more refined models of static and
conformational properties of proteins are based, and investigate its dynamic behavior
with Brownian Dynamics (BD) simulations.[4, 5] Specifically, we study the role of
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force and size on the characteristic reorganization time scales of globular polymers,
and elucidate principles that govern the dynamics of collapsed biopolymers such as
chromatin, molten globule proteins, and vWF.[1, 2, 3, 4, 6]
The static properties of homopolymer globules have been widely studied using
computer simulations, revealing the existence of two phases separated by a solid-
liquid phase transition.[7, 8, 9, 10, 11] This supplements classical theory results, and
serves as the foundation for more complicated protein models of static properties. [4, 5]
The ordering (or solidification) transition has been characterized by the presence of
a sharp peak in the heat capacity, and is well-described by considering the balance
between the surface energy of the globule and the change in the bulk energy.[7, 8, 9]
Rampf et al. introduced the appropriate scaling:[7]
T - TM = BN-1 (7.1)
where the T7; is the melting phase transition temperature for a infinitely large (bulk)
system, and TM is the liquid-solid transition temperature of the finite globule. B is
a proportionality constant, and N is the number of monomers in the chain.
The aforementioned investigations focus entirely on the equilibrium properties of
these globules,[7, 8, 9, 10, 11] and find that the differences in static properties such
as the globule radius or monomer density above and below TM are rather minor.
Here, however, we demonstrate that minute changes in the static globular properties
near TM are accompanied by enormous changes in the dynamical properties of the
system, such as the internal relaxation timescales. In fact, by probing the dynamical
properties we locate in a direct and very sensitive fashion the underlying equilibrium
phase transitions. Particularly, we find that the characteristic relaxation time of the
monomers in the globule increases dramatically at the liquid-solid transition, and
undergoes a drastic jump which is dependent on the length of the polymer and the
attraction strength between monomers. Furthermore, there are important ramifica-
tions in the overall behavior of these globules in the context of chain pulling since
small variations in size can lead to dramatic modifications of the dynamics or func-
tion of globular polymers. Our results thus indicate that by probing the stretching
response of single proteins or aggregates, one can identify the force-dependent regimes
or phases. Also, the ideas presented here should be useful as a way to study the dy-
namical and conformational transitions in larger aggregates such as chromosomes,
which are known to require both long large-scale relaxation times to maintain the
overall structure while undergoing fast local rearragement to facilitate function. [3]
202
7.2 Results and Discussion
7.2.1 Simulation Protocol
We again model our system as a homopolymer globule and study it using Brownian
Dynamics (BD) simulations outlined in Chapter 2.[12, 13] The simulation protocol
is used over time scales of more than 5 x 108 time steps with Ai = 5 x 10-4, which
allows us to characterize the globule under a number of different conditions. N is
varied between 50 and 300, F is varied between 0.8 and 4.0, and a number of different
initial conformational relaxation routes are considered. All globules, except where
noted otherwise, are prepared by relaxing the globule from an extended chain at the
F where the test will be run, and the simulation will be analyzed from the point that
the chain forms a coherent globule.
7.2.2 Neighbor Rearrangement Correlation Functions
The dynamics of the globules are characterized using two different time-correlation
functions, denoted as F(i) and G(i). These functions are constructed from a neighbor
matrix Mij defined as:
Mij= P rij<3a and i* (j,j+1,j-1) (7.2)
0 otherwise
Using this matrix, the time correlation functions are given by:
1 N N
F(i) = E Mij (Qo) Mig (io + (7.3)
and
1N N nt ki(74G(i) =-E E MIg- (N) ri Mig (io +-(74N jk n
These correlation functions conceptually demonstrate the relaxation of the globule
by tagging the monomers immediately neighboring a bead of interest and tracking
how they diffuse away over time. The two functions differ in how they treat the
return of previously tagged monomers to the neighborhood of the bead of interest,
with F(i) allowing the monomers to return and G(i) only considering monomers
that have remained neighbors for the entire time i. Examples of both functions
are shown in Figure 7-1, with both Figures 7-1a and 7-1b representing the same
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interaction energy F for a variety of chain lengths N. Both functions can be well fit
to a double-exponential that represents the existence of two observable time scales,
F(i), G(i) = AO +Aie!/Al + A 2 e!/A2. We will more often use F(i), since it decays to a
value that provides underlying clues as to the long-time behavior of the polymer chain
through the finite value of A0 . AO reflects the volume that the initially tagged beads
can explore V, by the relation Ao = F(0)2 [47ra3 /(3V,)] where F(0) is the initial
number of nearest neighbors and F(O) [47ra3 /(3Va,)] is the fraction of their volume
to the overall Va,. At infinitely long times, all of the beads are interchangeable so
Vv = 4N7ra 3/(3f) where f is a geometric packing factor that represents the bead
density.
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Figure 7-1: Plots of time correlation functions F(t) (a) and G([) (b) for a variety of
N values at E = 2.08 are shown. There is a distinct change in the correlation dynamics
as N is increased above N = 250. Both graphs are fit to double-exponential fits, and
the fit parameters for (a) are shown in (c). This plot demonstrates that there is a
substantial change in Ai values at N* ~ 250, which is due to the the appearance
of prominent relaxation modes that operate on time scales well beyond accessible
simulation times.
Figures la and lb demonstrate the distinct feature that at a critical value of N
the time correlation between beads increases drastically. This can be seen by noting
that G(i = 500) > 0 at large N. This is quantitatively represented in Figure 7-1c,
which plots the parameters of the double-exponential fit. At a certain critical value
of N = N* ,there is a drastic increase in the value of AO between N = 235 and N = 260
for this particular E = 2.08. This represents a transition in the dynamic behavior of
the globule, since according to the relation for AO the available volume for a bead to
explore Va,, decreases significantly above N*. This reflects the solid-liquid transition
seen in previous literature, only now it has manifested in the dynamic behavior of
the globule. [7, 8] We can verify that this is indeed the case through the use of radial
distribution functions.
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Figure 7-2: Plot of the 2 dependence of F(500-r) for a variety of N values. The
value of F(500r) approximates AO, and displays the same drastic increase in value
at a critical value of Z*. We indicate the location of Z* for each N with arrows
corresponding to the point F(500T) s 5. F* is clearly a function of N, and the inset
maps the transition on the E - N plane. Gratifyingly, the resulting globule solid-
liquid transition curve corresponds well to the scaling introduced by Rampf shown in
equation 1. [7] Red traces represent the trajectory of the globule as it shrinks due to
the pulling that is demonstrated in Figure 7-4. The red "x"s represent the apparent
solid-liquid transition seen in these simulations, which directly corresponds to the
transition seen in quiescent globules.
7.2.3 Globule Structural Transition
We verify the structure of the globule through the same transition through the cal-
culation of a pair correlation function g(r) that examines the probability that a bead
is located a distance r from the center of another bead. This is plotted in 7-3 as a
function of the number of beads N for F = 2.08. According to Figure 7-1c, N* ;d 260.
Indeed, for N > N* there is and ordered system characterized by sharp peaks corre-
sponding to a close-packed structure which does not change significantly with N. For
N < N*, g(r) demonstrates broad peaks that are typical of a liquid-type structure
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for hard spheres, which also does not change significantly with N.
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Figure 7-3: Pair correlation function g(r) as a function of N near the solid-liquid
transition. There is a clear change from solid-like to liquid-like correlations around
N* P 260. Traces are offset by a constant value of 0.015.
7.2.4 Globule Dynamical Transition
Besides this well-known structural transition, we seek to characterize this solid-liquid
transition as a function of the globule dynamic parameters. We take the value of
F(500r) to be roughly analogous to AO, which is plotted as a function of the inter-
action energy F for a variety of N values. The results are plotted in Figure 7-2, and
demonstrate a marked increase in the F(500r) at some critical interaction energy 2*.
As a verification of the strong N dependence seen in Figure 7-1, it is clear that the
value of F* is a function of N. The data in Figures 7-1c and 7-2 can be combined
to produce a phase diagram that maps out the structure of the polymer globule as
a function of N and E, which is shown in the inset of Figure 7-2. We can fit this
plot to equation 7-1, using the relationship T ~ F- and the parameters E, = 0.82
and B = 1.65. [7] This fit is shown in the inset of Figure 7-2 as a blue line that is in
excellent agreement with the simulation data (black points).
The transition also manifests itself in the non-equilibrium dynamics of the globule,
which has important ramifications in the response of the globules to external stimuli.
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Here we use the example of pulling the ends of a stable globule to demonstrate this
effect. In these simulations, we use a pulling protocol very similar to Alexander-Katz
et al. [12] We begin with a fully extended chain, with the ends connected to springs
that strongly fix the ends to the desired extension. This adds another potential
Uf = i/2 [(ro + r*)2 + (rN - r*) 2 ] that supplements the previously indicated potential
through which the simulation is run. The extension L of the chain is controlled by
fixing the value of r* = iL/2, such that the tethers are located on the x-axis. The
tethers at the ends of the chain are allowed to relax from L = Na to L = 0.2Na with
a velocity f) = Vr/a, and the chain is then pulled from this conformation at the same
f)3.
We measure the force f required to extend the chain at velocity i = 0.001 as the
chain is extended from the relaxed L = L/(2Na) = 0.1 to the fully extended L = 1
conformation. Typical traces are averaged over 20 runs, and are shown in Figure
7-4 for the case of N = 300 at E = 2.08, 2.50, and 2.91. We considered a relaxation
protocol where the chain was allowed to relax from an extended state to an extension
lenght of L = 0.1, and then the interaction energy of the globule was lowered to E = 0.8
to allow rapid reorganization of the structure for 500r. The desired E was reapplied,
and the chain was pulled from this structure.
In the averaged force extension traces given in Figure 7-4, there are three distinct
regimes. The regime close to full extension is universal, and represents the rapid
increase in force as the polymer approaches full extension (L ~ 1). Before the onset
of this behavior, there is a low-force regime that represents the unwinding of a liquid
globule. This regime encompasses the entirety of the sub-full extension regime for
polymers that are collapsed at low values of E, such as the trace for E = 2.08 in
the top panel of Figure 7-4. At higher values of E, a third regime appears at low
extension. Extension in this regime requires much higher forces, and corresponds to
the presence of the solid-globule phase. Larger forces are necessary due to the slow
dynamics of rearrangement, which in the liquid globule allow the globule to respond
to the application of force. These regimes are general characteristics that do not
greatly depend on pulling protocol. [16] The transition from the high-force to low-force
regimes correspond to the solid-liquid transition characterized in quiescent globules,
and is indicated by arrows in Figure 7-4. The inset of Figure 7-2 demonstrates, via
the red arrows, the traces shown in Figure 7-4 in N - E space. The point at which the
transition from the high-force to low-force regime occurs is indicated with a red "x".
To further reinforce the connection between the dynamical changes in a quiescent
globule and a pulled globule, we consider a local F(i, L) that describes the relaxation
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Figure 7-4: (Color online) (Top panel) Force f versus extension L_ plots for an annealed
globule of N = 300, with F = 2.08,2.50,2.91 (solid, dashed, dotted lines respectively)
and i = 0.001. The curve at i = 2.08 demonstrates only the features of a liquid
globule, while the curves at Z = 2.50 and 2.91 initially demonstrate the response
characteristic of a solid globule. Upon passing the transition points shown in the
Figure 7-2 inset (indicated in this figure by the arrows), the pulling response reverts
to liquid-like behavior. This transition is also seen in direct measurements of the
globule reorganization dynamics by plotting F(50-r, L) versus L, which demonstrates
a similar transition that is also indicated by arrows.
of the globule at a given extension Li during the pulling process. We show curves
of F(t,1i) in 7-5, and can compare the function F(i = 50r,1) to the pulling traces
as indicated in the lower panel of Figure 7-4. The transition to much lower values
of F(i = 50T, L) at low L indicates a change in globule relaxation dynamics that
corresponds well with the transition in force-extension behavior (as indicated by the
arrows in Figure 7-4). Clearly, the dynamics of the quiescent globule describe well
the response of the globule to external forces.
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Figure 7-5: F(i, L) as a function of time i for a variety of L at F = 2.50. At low
extensions L < 0.5, there is long time correlations in the globule due to its solid
structure. As the globule transitions to a liquid state at L > 0.5 due to globule
shrinkage, the time correlation now demonstrates significant decay. The values of
F(50-r, L) are graphed in the bottom panel of Figure 7-4 to show that these dynamic
changes directly correspond to the pulling response of the globule.
7.3 Conclusions
This investigation has demonstrated that there is a pronounced change in the relax-
ation dynamics of a homopolymer globule due to the appearance of a liquid-solid
transition, which depends on the interaction energy E and the size N of the polymer
globule. These dynamical regimes can be readily accessed upon the application of
pulling forces, which utilize chain connectivity to drive this dynamic transition. We
expect that our predictions of globule pulling behavior, which is based on simula-
tion data, could be experimentally verified using laser traps or AFM experiments
such as those already widely used in the study of single biological molecules. [17, 18]
The manipulation of polymer globules is a key motif in the regulation of biological
molecules, and thus these dynamical transitions might play a crucial role in regulat-
ing biological function. In the context of von Willebrand Factor, this behavior may
have implications in the prediction of force-based conformational changes, with this
transition providing a possible explanation for sudden changes in scaling behavior
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seen in Chapter 3. [6, 13] Also, chromatin is known for the coexistence of multiple re-
laxation time-scales, and it is believed that this broad spectrum is due to the activity
of remodeling proteins that pull on different parts of the fiber similar to our pulling
protocols. [3] The model and conceptual framework developed here can qualitatively
explain the appearance of such disparate time scales, which to our knowledge was not
previously understood.
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Self-Associating Polymers
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Chapter 8
Part II Introduction
8.1 Revisiting the Ergodic Hypothesis
Despite the success of the theory of homopolymer globules in the presence of fluid
flows that is derived in the previous section, it is unclear that this theory completely
captures the dynamic properties of vWF in particular. We have reason for our skep-
ticism, based on the prevailing wisdom in the fields of biological physics regarding
association behaviors that are ubiquitous in biological systems. Importantly, these
types of interactions involve complex molecular machinery; [1, 2, 3, 5, 6, 7] for example,
the GPIba receptor that binds between the vWF Al domain and platelet surfaces is
known to display novel "flex bond" type behavior, where there a high-affinity state is
"activated" by force to reveal longer-lived slip bond behaviors.[1, 4] Such complicated
binding behaviors are necessarily long-lived - this particular bond has a lifetime on the
order of seconds at sizeable forces (tens of piconewtons).[1] This contrasts drastically
from the types of interactions seen commonly in, for example, synthetic polymers. In
most cases, these polymers are predominantly affected by dispersion forces (the ubiq-
uitous "chi" parameter, for example, is often represented by the Hildebrand solubility
parameters that are related to van Der Waals interactions). [8, 9] While proteins such
as vWF are still subject to these sorts of potentials, more specific interactions such
as the GPIba receptor, RGD sequences, or the specific binding in the A2 domain
drive most biological function.[1, 5, 6, 7, 10] This is seen clearly in the traditional
biological representations of vWF associations, where very specific portions of the
chain interact with very specific portions of substrates.[4]
To get an idea of the time scales involved, we can calculate the typical Rouse re-
laxation time of a e-polymer with dimensions similar to those found in vWF (though
vWF is itself collapsed, this will serve only as an order-of-magnitude benchmark).
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For Rouse dynamics, the relaxation time is given by:[11]
2ijsN2a3
TR = (8.1)
,r kBT
For our situation, N ~ 50, a ~s5 x 10- 8m, and r7s ~ 1 x 10- 3Pa -s. This yields the result
that rR- 0.05s. Clearly, for some situations, r << rB, where rB is the time scale of
biological binding behaviors (using the GPIba receptor as an example).[1] This calls
into question our earlier assumption of ergodicity - recalling the discussion in the
introduction to Part I, the diffusive motion of rcoM can often be much more quick
than the convergence of the time-averaging of the relative conformations of interaction
between adjacent "dimers". While we do not know a priori that we cannot use the
ergodic hypothesis in the particular example of vWF, in this section we explore the
ramifications if there is a finite time scale associated with the interactions.
8.2 Bell-Model Interactions
We can phenomenologically incorporate a time scale to our interactions. This amounts
to tracking the progress of the evolution of the density overlap tensor P as a function of
time for a system that is largely ergodic except for a transition between two "regions"
of the dimer-dimer conformational space. The conceptual picture is a conformational
phase volume that is divided into two regions that are almost entirely isolated from
each other, but within each given phase volume region dynamics are quick such that
time averages converge quickly. There is a possibility, albeit small, to traverse the
phase barrier and end up in the other region. We label these regions as B and UB,
meaning "bound" and "unbound" respectively. They each have an average energy
given by:
FB'UB [{r(s)}] = jA : - (8.2)f DrB,UBe-6iA:P
where the superscripts B and UB indicate that this could be calculated among and
for a given region. We have written this in terms of a configurational integral rather
than a time integral since we will assume that they are ergodic within the regions.
This picture is essentially equivalent to trajectories through time for a period that
is given by the diffusion time rD:
1 Ct'
F[{r(s)}, {B, UB}] = - dt'iA : P(rcoM, t', {B, UB}) (8.3)
TD 0
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While such a trajectory will tend to remain within a given region, there is a probability
that the occasional trajectory will cross the region boundaries. Assuming that the
region itself is ergodic, and that it is roughly the same energy except for at the
boundary in conformational space which is at +EB,UB in energy from the bound and
unbound states respectively, we can write the probability that we are in the vicinity
boundary region:
Pbounary = --r*e-AP+1BUB (8.4)f DrB,Use-uiA:P
where the star superscript in the numerator represents the set of conformations along
the boundary between the two regions. The probability of being in the vicinity, with
a proportionality constant that describes the velocity of the trajectory vp, allows
the calculation of a transition frequency VB,UB = VPPbundary,B,UB. If one recognizes
that the numerator and denominator represent canonical partition functions of the
boundary and the region respectively, it is possible to write:
VB,UB = vPe-(F*-FBUB) (8.5)
where F* and FB,UB are the free energies associated with the boundary (the transition
state) and the regions (the bound and unbound states) respectively. Since we do not
explicitly represent the internal degrees of freedom that contribute to the entropy
terms of the free energies, we consider the free energies to be "effective energies." We
thus represent the exponential differences as:
AEB =F* -FB (8.6)
and
AEUB = F* - FUB (8.7)
We can likewise define the overall energy difference:
AEO = AEB - AEUB (8.8)
We treat the velocity vp as an attempt frequency (and replace it with vo), which we set
at a predetermined constant value. This overall picture is essentially the one described
by a Bell model,[12, 13, 14] where we have a simplified energy landscape that takes
into account both energetic and entropic terms and places them into a three-state
kinetic behavior. This straightforward model introduces the essential information of
an interaction time scale given by TB,UB = IvB,UB-
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8.3 Simulation Methods
In the same manner as the first part of this dissertation, we consider a polymer con-
sisting of N beads of radius a in a potential U. We use the same Brownian Dynamics
(BD) simulation techniques, and numerically integrate the Langevin equation for a
given bead i at position ri:
ri= - pi -Vr U(t) + (iW)(8.9)
where pgj is the mobility matrix, (i is a random velocity that satisfies ((i(t)j(t')) =
2kBTpij(t-t'). In all but Chapter 10, we consider only simulations of freely draining
(FD) polymers, so the mobility matrix has the form jg = (1/67rr,a)6JjI where r, is
the solvent viscosity and I is the identity tensor. [15] For these investigations, the
addition of hydrodynamic interactions was not done for purposes of computational
expediency, since the inclusion of this effect would simply replace the Rouse relaxation
time r with the Zimm relaxation time rz in the theory. The theory of associating
polymers in shear flows, outlined in Chapter 10, does incorporate hydrodynamic
interactions through the inclusion of the Rotne-Prager-Yamakawa tensor described in
the introduction to Part I.[16, 17]
The potential energy U = Us + ULJ + URXN is a sum of three contributions, rep-
resenting connectivity, excluded volume, and reaction potentials respectively. The
first two contributions to the potential are the same as in the first part of the thesis,
with the connectivity potential Us as a harmonic spring potential that acts between
adjacent beads along the chain:
N-1
Us = -kBT E (ri+i,i - 2a)2  (8.10)
where ri, is the distance between beads i and j and is = 500/a 2 is a spring constant
that is strong enough to limit chain stretching to a negligible level. The Lennard-Jones
potential ULj is the interaction potential between any pair of adjacent beads:
[(2a\' (2a\6
ULJ =iiLkBTZ - 2 -2 I (8.11)
ij .(i) rijI
where i determines the depth of the potential in units of kBT. This is the potential
used in Part I of this dissertation to induce collapse of polymers in Brownian Dynamics
models, and the relationship between f1LJ and chain dimensions is well understood
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and corresponds well to experimental results of chain collapse via hydrophobic forces.
For our simulations, we use a constant value LLJ = 0.41, which corresponds to the E
temperature where there is no net monomer-monomer interaction. [15]
To take into account the non-ergodic binding behaviors, our model incorporates
chemical reaction-based reversible associations through the potential URXN that is
only present if two adjacent monomers have reacted:
N
URXN - kBT ZQ(idj)(ri - 2a)2  (8.12)
where j * (i, i - 1, i + 1). Q (i, j) is a function such that Q (i, j) = 1 if there is an
association between i and j, but Q(i,j) = 0 otherwise. The calculation of Q(i,j)
occurs once in every time interval ro, at which point there is a Monte Carlo type
update step governed by the following:
1 E < e-AEB
0 E > e-AEB if(i, t - ro) = 0 n rij < rrxn
O~,j )= -(8.13)
0 E < e-AEUB
1 E > e-AEUB if (ijt -T0) =1I
where the state of a given component of Q(i, j, t) depends on the binding transition
probability (given by eEB or eEuB), the previous state (Q (i, j, t - ro)) and the juxta-
position of the beads i and j. E is a random number between 0 and 1 and rrn is
a reaction radius within which the reaction may occur. AEB and AEUB are ener-
gies (in kBT) describing the reaction energy landscape. AEB and AEUB represent
the activation energies of binding and unbinding respectively, and are always posi-
tive. The overall energy difference between the bound and unbound states is thus
AEO = AEB - AEUB, where a decrease in AEO signifies more binding.
To simulate this model of a reacting polymer, 8.9 is discretized with a time step
At = 5 x 10-4 r, where r = 67ria 3 /(kBT) is the characteristic monomer diffusion time
(the time that it takes a single simulation bead to diffuse its own radius a). Values
are rendered dimensionless with lengths scaled by a, times scaled by r, and energies
scaled by kBT, and are indicated with tildes in the remainder of this article. The
reaction values are chosen to be To = 0.1T and frn = 2.1, such that fIo > (Trxn - 2)
which ensures that in principle an unbinding bead can readily diffuse away from its
bound partner. We apply an exclusivity constraint such that a given monomer can
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only bind to one other monomer at any given time:
Z (ij,t) 1 (8.14)
This can be relaxed if multi-functional association is desired, and binding order is
randomized to ensure that binding is not biased towards beads of lower index.
For later chapters, we add a pulling potential UPULL to the overall potential that
is given by:
UPULL = _ [(F0+p +(iN ~ iP) 2] (8.15)
where ip = AL/2 represents the position of the tether points that dictate the extension
1L of the chain along the x-axis. These tether points can be pulled with a velocity
f), and the subsequent force fT required to maintain this velocity is measured by
the deflection distance of these end points. We expect pulling behavior to be highly
dependent on the protocol to relax the chain to its initial collapsed (nonstretched)
conformation. To do this, we first apply a small LJ potential (iLLJ = 0.8) that first
collapses the chain, and then the chain is equilibrated at iiLJ = 0.41 with reaction
associations turned on such that A5 0 will be at the final value, but A5B and AEUB
are both small such that binding kinetics are quick. This system is equilibrated for
t N 2.5 x 104, which is substantially longer than the system relaxation time under these
conditions.
For simulations of helical polymers, which are performed in Chapters 11 and 12,
we also include a potential UHELIX to ensure that the molecule remains in a helical
conformation:
UHELIX = + ], - 2 (8.16)
where r, and r, are the x and y- components of a bead's position, and R is the radius
of the helix. The helix was created by winding a polymer around the cylindrical
potential, the attractive portion of which we apply to a bead only once its region of
the chain reaches the vicinity of the helix. No noise is initially applied until the helix
structure is fully formed, and subsequently it is allowed to relax. The value of Ni = 6.4
is chosen for our simulations such that a single wind of the helix consists of 20 beads.
This ensures that there are both a non-trivial number of winds and potentials did
not act through the center of the helix, though in principle we expect our results to
be insensitive to .
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Chapter 9
Equilibrium Structure and
Dynamics of Self-Associating
Single Polymers
9.1 Introduction
In traditional polymer physics, parameters such as molecular weight, chemical struc-
ture, and temperature govern the dynamic properties of most polymer systems in ways
that are well characterized. [1, 2] Recently, however, the use of reversible supramolec-
ular associations has been demonstrated to be a powerful route to tune material prop-
erties in useful and novel ways. [3, 4, 5, 6, 7, 8, 9, 10] These materials use reversible
chemistry, such as hydrogen bonds, metal-ligand coordination, or reversible covalent
bonding to adjust the response of the material to various stimuli (mechanical, electro-
magnetic, thermal, etc.). [6] Many of these applications have in turn been described
through a number of simulation and theoretical models, most notably the work by
Liebler, Rubinstein, and Colby. [9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] The
crucial feature of all of these models is the inclusion of a new, reaction-dependent time
scale that governs the network rearrangement of the material. [11, 12, 13, 21, 22, 23]
The underlying non-ergodic nature of these bonds was introduced in the context of
our formalisms in Chapters 2 and 8, and here we begin to explore the implications of
such bonds on polymer dynamics.
While synthetic methods can reproduce these behaviors, the inspiration for many
of these materials comes directly from biological systems, where such reversible as-
sociations are known to drive a large number of processes from the molecular to
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physiological levels. [4, 8, 24, 25, 26, 27, 28] On the large scale tissue-level, a large
amount of research has focused on mimicking modulus change or mechanical actuation
that is seen in biology through the use of the properties of associating networks and
gels. [3, 4, 6, 8, 29, 30] Effects such as percolation and swelling are driving mechanisms
for mechanical response that, through the introduction of reversible associations, have
characteristic time scales that can be manipulated. [5, 29] Parallel strains of research
seek to understand single-molecule behaviors of biopolymers through the use of tools
such as atomic force microscopy and optical tweezing to supplement simulation and
theory on protein conformational behavior, and recent research has aimed to intro-
duce supramolecular chemistry principles as a way to create single molecules with
novel response characteristics. [4, 8, 28, 31, 32, 33, 34, 35]
The equilibrium and dynamics of single molecules is a widely studied field, and
polymers with strong self-interactions comprise of a large subset of this field that is
concerned with the collapsed globule state of polymers. [1, 2, 31, 25, 26, 36, 37, 38]
This state of polymer is hard to access experimentally, however collapsed polymers are
widely considered to be a relevant starting point for the understanding of protein and
other biopolymer behaviors. [39, 40, 35, 34, 31, 33] A wide array of studies exist in the
literature, including investigations into the equilibrium state of a globule, [41, 42, 43]
its pulling profile under a constant load, [33, 44] and its structural characteristics as
it undergoes collapse from an extended or coiled state. [39, 40, 45, 46, 47, 48, 49]
The dynamics of the latter transition have been well documented, with the strength
of the polymer self-interactions and hydrodynamic interactions being particularly
important considerations, along with chain sequence if a heteropolymer is consid-
ered. [39, 40, 45, 46, 47, 48, 49] Despite this wealth of literature, most current the-
oretical and simulation developments have considered effective interaction potentials
such as Lennard-Jones potentials that serve to coarse grain more specific types of
interaction. [33, 39, 41, 47, 45, 40, 48, 50] This type of model has proven to be very
successful in describing interactions that occur on sub-chain time scales, such as dis-
persive and hydrophobic forces, however neglects the dynamic features present in
other common interaction types, such as hydrogen bonds or reversible covalent bond-
ing. [37, 38] More specifically, there is no ability to adjust the interaction kinetics,
which we will show is essential in determining the overall conformational dynamics of
a single polymer chain. This becomes incredibly important in the context of proper-
ties that are coupled to external forces that can drive chain and interaction kinetics,
such as forces due to fluid flows or other types of mechanical loads.
To investigate the effect of interaction kinetics on the dynamics of single-chain
224
polymers, we use a Brownian Dynamics (BD) simulation with "reaction" interactions
that allow for the adjustment of both equilibrium and dynamic behaviors through a
simple 2-state reaction model in a fashion similar to Hoy and Fredrickson. [20] We
can show that, by favoring the presence of the bound reaction state, we can cause
the polymer to collapse in a way that is analogous to the collapse of a polymer model
that utilizes Lennard-Jones behavior. We develop a straightforward theory to provide
a direct comparison between both models that can account for both periodicity and
exclusivity effects. While the equilibrium structure can be directly compared to the
collapsed globule state of a polymer, the conformational dynamics of this polymer can
be strongly altered by the influence of the reaction kinetics. We identify two regimes;
with quick reaction kinetics the Rouse time scale dominates the conformational dy-
namics, while with slow reaction kinetics the binder time scales dominate. This, in
principle, enables one to slow down the polymer relaxation time scales without affect-
ing the equilibrium structure. We provide a simple theory to describe this behavior
using straightforward modifications of the Rouse theory of polymer dynamics.
9.2 Results and Discussion
In understanding the behavior of self-associating polymers, we seek to examine both
the equilibrium properties and dynamic properties of chains in our simulations, and
then draw the appropriate comparisons to chains that have similar structure us-
ing only Lennard-Jones interactions (Lennard-Jones polymers). Presumably, self-
associating polymers can be manipulated by both types of behaviors simultaneously,
with Lennard-Jones interactions representing hydrophobic and dispersive interactions,
and the reaction associations representing hydrogen or reversible covalent bonding.
Here we consider only two "pure" cases; i) one where Q(i,j,t) = 0 for all i, j, and t,
which represents a simple Lennard-Jones polymer where we adjust 6iLJ, and ii) one
where iLJ is fixed at GiLJ = 0.41 (corresponding to a 9-polymer) and varying Q (i, j, t).
As mentioned above, we consider only these two extremes, however real systems may
incorporate both behaviors simultaneously.
9.2.1 Equilibrium Structure
We measure the structure of these polymers through the characterization of confor-
mational, binding, and chain correlation statistics. We run simulations for > 5 x 108
time steps to obtain good averages, and discard the initial 1 x 106 time steps to allow
225
Unbound AEUB
AEEU
Bound
Reaction Coordinate
Figure 9-1: This figure shows the energy landscape of a binding-unbinding transition
for two adjacent beads. We consider only two states, an unbound state where two
beads only interact through the standard Lennard-Jones potential for a e-polymer,
and a bound state where there is a harmonic spring connecting the two binding
beads. There is an overall change in energy upon binding AEO, which results from the
difference in activation barriers for forward (AEB) and backward (AEUB) reactions.
for conformational equilibration. Statistics based on long, single runs are sufficient
for the data presented, since generally the length of the run is much larger than the
relaxation time of the system. N = 100 is used in this study (unless mentioned other-
wise). We can calculate the size of the polymer as a function of the characteristics of
the energy landscape described by any two of the three parameters AEB, AEUB, and
AEo (see 9-1 for a schematic). In 9-2 we plot for a number of energy barriers AEB the
mean squared radius of gyration (R2) F (1/N) Tf ((ri - rcom) 2 ) versus AEO, where
rcom is the polymer center of mass . As expected, all results follow a single universal
(R2) versus AEO curve regardless of the activation energy of going from one state to
another, which indicates that only the relative energy difference between the bound
and unbound states dictates the equilibrium structure while the energy barriers do
not.
The equilibrium (R2) versus AEO curve demonstrates that, by decreasing the
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Figure 9-2: A plot of size (R2)1/2 as a function of binding energy AEO for a number
of activation energies, designated by AEB (see 9-1). All values of AEB fall along
the same universal curve, demonstrating that the equilibrium structure for globules
collapsed by reaction mechanisms is only determined by AEO.
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relative energy of the bound state (thus increasing its prevalence), we can shrink the
chain dimensions to well below those of a random-walk coil. Indeed, we see that
self-associations can drive this polymer into a globule conformation. This is more
clearly seen by considering a binding correlation function (gB(n)) that describes the
normalized probability of binding two monomers that are located n beads apart along
the polymer chain:
1 N-n
(gB(n)) = ( Z O(i, i + n)) (9.1)OB(N - n)N-
where the angled brackets represent a time average. We plot this in 9-3 for a variety
of values of AEO. This correlation function should scale as (gB(n)) n- 3/ 2 for a
Gaussian coil, and we retain this result in the limit of large positive values of AEO
(AEB > AEUB). As AEO decreases, the large n behavior crosses over to (g(n)) nO,
but the small n behavior retains the Gaussian scaling. [51] This indicates that the
polymer transforms to a globule-like structure, where the chain remains Gaussian
only up to the point where the edge of the globule is encountered and points at larger
contour distances become spatially uncorrelated. Thus, this transition is structurally
an association-induced coil-globule transition.
The above data is given for a straightforward model that considers each bead to
contain a single binder. This simulation model can be easily modified to consider
chains that have less binders, and we define a periodicity parameter p that indicates
that a binder occurs every p monomers. The majority of this data represents the con-
dition p = 1, however we also run simulations where p = 2 and p = 4. Unsurprisingly,
the lower density results in a smaller extent of chain collapse as shown in 9-4a. As p
increases, however, we notice a decrease in globule/coil homogeneity, as we approach
the flower micelle morphology predicted by Semenov et al. for chains with only a
few associating groups connected by long linker chains. [12, 13] This morphology is
characterized by the accumulation of binders at the center of the globule so interac-
tions are maximized, while non-binding monomers are pushed to the outside of the
globule. With p = 4 and p = 2, this effect is relatively weak, however there is indeed
a marked accumulation of the binders at the center of the globule on average, as
shown in the radial binder distribution function shown in 9-4b. In this graph, we
calculate the average number of beads at a location i from the center of mass of the
globule that have an index that is a multiple of 4 (N 4 ) and that do not have an index
that is a multiple of 4 (N 4 ). Since the latter should be three times more prevalent
in a completely homogenous globule, the parameter 3N 4/N 4 should equal 1 in this
case. This is indeed true for p = 1. For p > 1, however, we see an accumulation of
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Figure 9-3: Logio-logio plot of the correlation function (gB(n)) as a function of
the distance between two beads n. For a e-polymer, there should be a scaling of
(gB(n)) ~ n-3/2 which is characteristic of a Gaussian chain. A number of curves rep-
resenting different of values of AEO are plotted, along with a dashed line representing
this n- 3/2 scaling. Clearly, as AEO is decreased, large deviations from this behavior
occur. At very low values of AEO, there are two regimes. At low values of n, the
typical E-polymer behavior remains, however at higher values of n the scaling be-
comes (gB(n)) -nO. This is shown on the graph by the dotted line. This behavior is
characteristic of polymer globule structure.
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Figure 94: (a) The root-mean-square radius of gyration (R )1/2 /a as a function of
the reaction energy AE0 for a number of periodicities p. As p increases, the extent of
collapse strongly decreases. N = 100 for all values of p, and data is aggregated from
simulations with low AEB and AEUB such that the equilibrium state is observed.
(b) Comparison of the relative probabilities of finding a binder that has an index
of multiple of 4 (N 4 ) versus a binder that is not a multiple of 4 (N 4 ). This metric
3N 4 /NI4 describes the relative amount of binders radially from the center of mass (f)
for p * 1. Thus, the case p = 1 is roughly flat and centered on 3N 4/NI4 = 1, while p = 2
and p = 4 demonstrate an abundance of binding beads in the center. As the length
of non-binding chain separating two binders increases, there is an increased tendency
for the binders to partition to the center of the globule. N = 100. and AEo = -4.
binders at low f (3N4/NI4 > 1) and a depletion of binders at high f (3N 4 /N 4 < 1).
We expect that longer non-binding chains would strongly amplify this trend. This
behavior is potentially useful; the accumulation of binders at the center of the poly-
mer may enable the experimental realization of collapsed polymers that are resistant
to large-scale aggregation due to the "hiding" of binders in the center of the globule.
The relationship shown in 9-2 between the binding energy AEO and the size (R2)
is quite different from what is seen for models using Lennard-Jones interactions that
compare the (R2) to the parameter 6LJ. [36, 41, 45, 47] The collapse transition is
shown in 9-5 for a number of polymers (N = 50, 100, 200) as iLJ is increased (solid
lines). [36] The Lennard-Jones model is well-studied, so we will not dwell on its
properties as it collapses. [52] It is possible, however, to understand the relationship
between equilibrium structures of the two different systems. This difference can be
described via a straightforward accounting of the states in which adjacent monomers
can reside, which is performed over long time-averages to obtain sufficient sampling
with slow binding kinetics. We use a lattice model to determine a mean-field equation
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that will describe the correspondence of a binding energy AEO and an "effective"
Lennard-Jones parameter UEFF that time-averages the binding interactions such that
they appear equivalent to Lennard-Jones interaction.
Our model (schematically shown in 9-6) considers a binding bead that is directly
adjacent to z neighboring beads that are within radius ,., and thus can bind to any
of them. It is either in a bound or an unbound state, with a probability PB of being
in the bound state. For a given pair of beads, such that z = 1, there is a probability
that the beads are not bound PUB(z = 1) = 1/(1 + e-AEo). We can then calculate the
probability that one of those beads does not bind to any of z neighboring beads pUB:
I - P = PUB = (1 + e-AEo)-z (9.2)
which is equal to the fraction of binders that are unbound (fUB = PUB). Likewise, we
consider an effective UEFF that time-averages the reacting polymer interactions such
that they behave like a Lennard-Jones interaction. To build this equation, we use the
approximation that a Lennard-Jones interacting bead with z neighbors has discretized
states such that it is either interacting with all its neighbors with an energy -Z 2 LJ
or not interacting such that energy is 0. The probability that it is interacting at a
given time is thus (1 + ezLJ )-1. For an associating polymer, our simulations include
Lennard-Jones interactions (which we indicate as so), so an equation of this form
will also be relevant when there is not already a binding association. We then equate
the interacting probability of a polymer with an effective Lennard-Jones interaction
parameter iLJ = UEFF that does not interact through binding associations to the
interacting probability of a polymer that binds both through associations and through
a Lennard-Jones interaction s~o. For the latter case, we calculate the interacting
probability by a weighted sum of the bound and unbound states by the fractions
determined in 9.2, with the bound states always interacting and the unbound states
interacting with a probability of (1 + e-zuo)-1. This time averaging results in the
following equation:
(1 + e-zUEFF)l = fB + fuB(I + -zf)l = 1 - (1 + -AEo)-z + [(I + e-AE ( -zi 
(9.3)
The value of z is calculated from simulations to be ~ 3-4, and AEO and sio are known
parameters so it is possible to calculate UEFF. The results of this transformation
are shown in 9-5 for polymers of N = 50, 100, and 200. 9-5 shows there to be good
correspondence between the reaction-association and Lennard-Jones cases. We point
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Figure 9-5: The collapsing behavior of a Lennard-Jones polymer (solid lines) de-
scribed by plotting (R2)/N as a function of the Lennard-Jones interaction parameter
OLJ. Equation 9.3 is used to replot data like that seen in 9-2 as a function of an
"effective" interaction parameter UEFF that corresponds to i!LJ. Data is shown for
p = 1 (filled squares), p = 2 (open squares) and p = 4 (open circles). There is a dif-
ferent extent of collapse seen in reacting polymers due to the presence of topological
effects that prevents the realization of full chain collapse. This effect can be lowered
by including difunctional binding, rather than making binding exclusive. The inset
shows the effect of difunctional binding by plotting N = 50 (black) and N = 100
(red) for both monofunctional (filled symbols) and difunctional (open symbols) bind-
ing. Difunctional points are plotted using the effective energy term described in 9.5.
Polymers with difunctional binders are driven to a more collapsed state, however full
Lennard-Jones comparison is still not completely possible. All points on these figures
have error bars smaller than the size of the symbols.
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Figure 9-6: Lattice picture of the interior of a collapsed globule with self-associating
behavior. A given binder (green lattice site) can bind to any of z neighbors (blue
lattice sites) through a binding association (red arrow). This behavior is shown in
(i) and (ii), which each demonstrate a binding possibility. There is also a probability
PUB = (1 + e-AZo)-z that a given binder is not bound to any of its neighbors, which
is shown in (iii). By enumerating the probability of being bound versus unbound in
this type of system, it is possible to describe the corresponding "effective" interaction
parameter Ueff that would give the same behavior in a Lennard-Jones system.
out that no adjustable fit parameters are used in this model, and that the parameters
of this model are rather sensitive to changes. Adjustments to values of z, AEo, and so
away from simulation values result in marked changes to the results in 9-5, suggesting
that such a satisfactory correspondence is not simply fortituous. The success of this
model can be attributed to the convenient structure within the globule based on
(gB(n)), which demonstrates that the internal structure of the associating globules
resembles a homogenous melt. There is a limitation, though, at high values of 6iEFF-
In this regime, the level of collapse of the self-associating globule is consistently less
than predicted by a Lennard-Jones model. This can be explained qualitatively by two
effects: binding exclusivity, which ensures that the presence of a given binding pair
lowers the number of binding options of nearby unbound monomers, and differences
in the range of interactions. The latter effect is the result of having a reaction cutoff
fr,, = 2.1 that is smaller than the interaction length of a Lennard-Jones potential.
When the number of neighbors z to a binding monomer becomes large, then this effect
becomes significant due to packing limitations which prevent monomers that would
otherwise interact through the Lennard-Jones potential from being close enough to
be within rrxn-
We emphasize that there is limitation in this type of approach to systems that
have a relatively dense distribution of binders along the chain. A number of papers
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focus specifically on chains with very dilute binder systems (as few as two binders
per chain). [18, 42, 53] Many observe qualitatively similar behavior, such as Baljon
who reports smaller chain structures upon the addition of pairs of "sticking" units
that are highly attracted to each other along the chain. [42] These types of situations
require different types of theories that take into account looping probabilities that
depend on the length of the chain linking two binders. [42] Such chains avoid truly
collapsed states, undergo coil-loop transitions, and thus represent a separate class of
self-associating polymers. As long as this "dense" binder distribution requirement
is met, however, there is now a clear quantitative connection between the binder
equilibrium thermodynamics and the Lennard-Jones-type interacting systems that
are frequently used in the literature. [36, 41, 45, 47]
This theory can be manipulated to account for other effects, such as the con-
sideration of polymers of other periodicities. To account for this, it is necessary to
rewrite 9.3 to include the parameter p, where p is the aforementioned periodicity of
the binders:
(1+e-zi-f) 1 = (1- )(1+ezfo)-1+' [1 - (1 + e-AEO)z/P + [(I + e-AEO)zP ( + e
(9.4)
which accounts for two deviations from the original theory: (1) there are now z/p
possible binders surrounding a given binder bead and (2) only 1/p of all beads in
the overall chain are binders. This straightforward substitution neglects possible
spatial correlations, especially those demonstrated earlier where binding beads tend
to partition towards the center of the globule, however as long as these effects are
small this transformation is still a good approximation. All of the results shown in
9-4 are now shown on a graph of (R2)/N versus Ueff (9-5) using this transformation.
There is very good quantitative agreement between Lennard-Jones interactions and
the association-based effective interactions for a variety of values of N and p.
The reasonable agreement between collapse via the Lennard-Jones interactions
and collapse via reactive associations, along with the appropriate correlation and
conformational behavior, reinforce that the two processes are analogous in terms
of equilibrium structure. This provides another route to collapsed conformations in
solution, and indicates that the comparison between certain biopolymers (specifically,
vWF and chromatin) to collapsed homopolymers is worthwhile.
We further supplement this theory by considering the case of multifunctional
binders. Intuitively, higher functionality leads to stronger collapse. We demonstrate
this by plotting the root mean square radius of gyration (R2) 1 /2 of monofunctional,
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difunctional, and trifunctional polymers as a function of AEo. The globule conforma-
tion is more driven towards collapse as the functionality increases from 1 to 2, with
the results more closely resembling the curve for a Lennard-Jones system once replot-
ted as a function of ieff. Difunctionality is incorporated through the replacement of
the interaction energy AEO with an "effective" interaction energy:
AEOeff = AEo + 1 (9.5)1+ eAEO ++e-AEO
which assumes an equilibrium between singly-bonded and double-bonded states for
a difunctional binding. Trifunctionality was also investigated, however there appears
to be no difference between this case versus the difunctional case. This indicates that
steric interactions strongly inhibit the formation of such aggregates.
9.2.2 Relaxation Dynamics
Structurally, collapsed globules with associating monomers and collapsed globules
with Lennard-Jones-type interactions can be considered equivalent by a number of
metrics, as shown in the previous section. All of these measures, however, are deter-
mined by large time averages and thus do not consider the dynamics of the poly-
mer. Chain dynamics are critical for rheological behavior, where the relaxation
time of a polymer governs its response to applied fluid flows. From a biological
perspective, the dynamics of the chain may play critical role in how a biological
polymer (such as a protein) interacts with its surroundings, particularly in the pres-
ence of external forces. There are also analogies developed in the literature be-
tween coil-globule transition kinetics and simple protein folding, and a great deal
of effort has gone into characterizing these dynamics in a number of different situ-
ations. [39, 40, 45, 46, 47, 48, 49] Theory and simulation has elucidated, for exam-
ple, some typical conformational pathways that are characteristic of these systems;
chains collapsing from extended conformations first develop bead-string morphologies
that proceed to sausage-shaped structures that relax into traditional spherical glob-
ules. [39, 40, 45, 46, 47, 48, 49] Again, these simulation investigations largely rely on
Brownian or Molecular Dynamics simulations that usually incorporate very standard
Lennard-Jones type interactions, [40, 44, 47, 48, 54, 55] and most recent efforts have
focused on refining original bead-spring models by including either hydrodynamic
interactions [39, 48] or investigate explicit solvent simulations with increasing molec-
ular detail. [41, 45, 49, 54, 55, 56] A small number of simulations have used purely
Monte-Carlo approaches, however the dynamic information from these simulations
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is limited. [42, 53, 57] In contrast to these approaches, which have yielded some in-
teresting results in terms of hydrodynamic cooperativity and solvation effects, we
retain a coarse-grained approach and instead examine the effect of Bell-model type
associations on chain dynamics. [58] We also depart from much of the previous work
in the field by focusing more on the fluctuations around equilibrium collapsed chain
structures rather than the far-from-equilibrium collapse transition scenarios which we
consider difficult to characterize.
To probe the relaxation dynamics of a single reacting chain, the same BD protocol
used for the equilibrium studies is used, only with > 1 x 1010 time steps to ensure good
averaging. We desire an understanding of both the local and global dynamics, so two
different correlation functions are used. To probe local dynamics, we consider a time
correlation function that measures the motion of neighboring monomers, F(t). [44]
This function is constructed from a neighbor matrix Mu that is defined as:
M I 1 ri <3aandid*i + ,j+1) (9.6)
0 otherwise
F(i) is then given by:
1 N N
F( H) Z E Mu(io)MU(to + (9.7)
This correlation effectively "tags" and counts the beads that are adjacent to a given
monomer that are not directly connected along the chain at time io. The number of
tagged beads that remain nearby at time to + i is given by F(t), with F(oo)/F(0)
roughly representing the volume fraction of the coil taken up by the initially tagged
beads. In a collapsed polymer, this can be exactly calculated to be F(oo)/F(0) =
F(0) [47ras/(3Vav)] where Va, = 4N7ra3/(3f) is the available volume in which initially
tagged beads can explore (f is a geometric packing factor representing bead density).
This measure provides a local description of the dynamics, where we expect to see both
the decay behavior attributed to regular monomer diffusion (Rouse dynamics) and
the decay behavior attributed to binder disassociation. Given these two behaviors,
we can postulate a double-exponential form of F():
F(i) = F(oo) + FUBe-t/'T + FBetTBind (9.8)
where FUB and FB are related to the average number of unbound and bound tagged
236
molecules respectively. The contribution of the various prefactors is given by the frac-
tion of bound monomers at a given time fB, such that the equation can be expressed
as a function of chain parameters such as F(0), T 1, TBind 1 + roeAEUB, and fB:
F(t) = F(0) [# + (1 - fB)(1 -- + fB(1 - #)e "Bid] (9.9)
where # = F(0)f/N is the volume fraction of initially tagged beads. The value of
71 ~ 1 is chosen since it represents the diffusive time of a single monomer, which
is appropriate for an unbound bead, and -rBind ~1 + rOeAEUB represents the serial
two-step process of unbinding and then diffusion that is the relaxation process for a
bound bead, with the latter step requiring the former in order to proceed. This theory
demonstrates excellent agreement with the simulation data, and both simulation and
theory are plotted in 9-7 for N = 50, AEO = 0, and p = 1. Importantly, the binding
and unbinding attempts in these simulations occur much more frequently than this
local relaxation time, and thus accounts for rebinding effects like those seen in the
literature. [21, 22, 23]
The local binder/diffusion relaxation behavior at monomer length scales manifests
itself in dynamic changes at chain length scales. We calculate the following correlation
function Cp, 4 :
JR ( (" (ri(t') - rC(t'))2] [E" (ri(t'+t)-r +t))2]dt'
CG4(t ) = ( RG{)RG N 2 fjo dt'
(9.10)
This correlation function is advantageous due to its reliance on the entire chain con-
formation, rather than more traditional correlation functions such as those related
to the end-to-end distance. This means that the correlation function CR4 is more
sensitive to the existence of any long-lasting structural features. For a non-associating
E-polymer, it is related to the relaxation time through the relationship:
CRG4 = (R2(0))2+ (([R 2(0)]2 ) - (R2(0)) 2 )e-t /rR (9.11)
where ([R 2(0)]2 ) is the instantaneous value of the mean-square radius of gyration
squared. This equation can be derived using Rouse theory. [2] Likewise:
C 24 ~ (RG(0))(1 + e (9.12)
where a = (([R2(0)] 2) - (R2(0))2)/((R 2(0)) 2 ). For 9-polymers, ae = 4/15. [59] We
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Figure 9-7: Local correlation factor F(i) as a function of t for a variety of values
of AEUB, and fit to 9.9 (black lines) using the values F(O) = 3.33, < = 0.21, and
fUB = 0.87. N = 50, AEo = 0, and p = 1. The main plot shows an enlarged portion
of the overall correlation behavior. This clearly shows the important features of this
plot, namely the quantitative fit between simulation and 9.9 for a variety of values of
AEUB. The inset shows the overall correlation behavior, which demonstrates a very
rapid decay at i~ 0 due to the diffusion of unbound beads.
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plot C 1/2 normalized so that it goes from 1 to 0 for a number of conditions in 9-8.C0 4
Plots of these functions are often well fit by the single exponential function that this
formula suggests if relaxation occurs rapidly. For longer time scale self-associations,
however, another time scale is needed and a double exponential function is used:
/2= A0 - Aie-/1 + A 2e-t/2 (9.13)
where A 0 , A 1 , and A 2 are fit constants that are related to the equilibrium polymer
structure (Ao = (R2(0)) 2 , Ao + A1 + A 2 = ([R2(0)]2 )) and the relative contribution to
(R2) of the portion of the chain that is initially constrained due to self-associations
(A 2 ). For the data represented in 9-8, the proportion of the (R2) value that contains
contributions from the constrained section of the chain is about 35%, which is reason-
ably larger than the fraction (fB ~ 13%) of bound monomers for the same conditions.
This is expected due to the binders constraining both the bound monomers and their
neighbors as well. The appearance of a second relaxation time scale is clearly shown
in the inset of 9-8, which replots the decay functions in a semi-log plot. While low val-
ues of AEUB demonstrate straight line behavior expected of a single-exponential, this
transitions into a kinked-line geometry characteristic of a double-exponential decay
like the one proposed in 9.13. This equation fits all curves, and suggests the existence
of at least two time scales present in the relaxation of the polymer. To reinforce
the binder/diffusion mechanism at monomer length scales, we postulate an analo-
gous binder/Rouse global relaxation mechanism. These time scales thus correspond
to the Rouse relaxation time ri = TR and the binder relaxation time plus the Rouse
relaxation time r 2 = TL = r + TB = TR + -roeAEo. We consider the latter the "effective"
longest-time scale rL = rR + roeAEo as the critical description of the chain structural
relaxation. This description of 'rL again considers that the two kinetic processes of
unbinding and then diffusive chain relaxation are serial in time and thus their time
scales are additive. This theoretical description of the size correlation function 0 1/2
is demonstrated alongside the simulation data for N = 50 in 9-8, also normalized so
that the function goes from C,42= 1 to 0. There is a good fit between the two sets
of data.
We plot the natural log of the longest relaxation time rL as a function of the
unbinding energy AEUB for a number of values of N and AEO in 9-9. It is important
to note that each curve represents a single equilibrium structure that is independent
of the value of AEUB. This value does alter the dynamics significantly, however,
with all curves collapsing at large AEUB on an exponential dependence of AEUB
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Figure 9-8: Normalized global correlation factor (C 4 - AO)/(A 1 + A2) as a function
of i for a variety of values of AEUB, and fit to 9.13 (dashed lines) using the values
TR = 195 and A2/(A 1 + A 2 ) = 0.35. N = 50, AEO = 0, and p = 1. In the inset, the same
data is plotted on a semilog plot of In ((C12 - AO)/(A 1 + A2)) versus i. This clearly
shows the emergence of the second time scale at large AEUB, in agreement with the
double-exponential fit used.
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Figure 9-9: In -rL as a function of the unbinding energy AEUB for a N = 30 (filled
squares), N = 50 (open squares), and N = 100 (circles) with AEO = 0 (black symbols),
AEo = -2 (red symbols) and AEO = -4 (green symbols). Both simulation data
(symbols) and theory (lines) are shown, with the Rouse time r chosen to match the
simulation data. Two regimes are apparent - at low AEUB relaxation is dominated
by Rouse motion, while at high AEUB relaxation is dominated by binder kinetics.
The theoretical time scale of a single binder is shown by the dotted, thick black line
which matches up well with the binder kinetic regime for all curves at large AEUB.
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that appears to be universal. This is plotted alongside the binder relaxation time
rB = ToeAE (dotted line), which fits this regime very well. This suggests that there
is a transition into a regime where the time scale is governed by individual binders
that "pin" structural characteristics for as long as that association is present. At
low values of AEUB, the dynamics are governed by the normal relaxation of a non-
hydrodynamic interacting chain. Indeed, it would be trivial to translate these results
to the case of a chain model that incorporates hydrodynamic interactions by replacing
the Rouse time rR with the Zimm relaxation time rz.
The dependence of a polymer's dynamics on its binding kinetics is clearly observed
qualitatively given the relaxation of these polymers from an extended state. This
type of relaxation process is well documented in the literature, despite its far-from-
equilibrium nature, due to its relevance to protein folding kinetics. [39, 40, 45, 46,
47, 48, 49] We do not perform an in-depth study of this process, but qualitatively
demonstrate that the dynamics are indeed strongly altered even in a non-equilibrium
case. Movies in the supplemental information show this relaxation in polymers that
have the same AEO but very different values of AEUB. While there is quick relaxation
for a polymer with AEUB = 4.0 well within the time scale of the movie, the polymer
with AEUB = 10.0 never seems to completely relax. This behavior manifests itself
in a bifurcation seen in 9-10 for large values of AEUB, where the plot of (R)/N
versus eff continues the predicted trend only if the polymer starts in a precollapsed
state (grey symbols), but has much larger chain dimensions than predicted if relaxed
from an extended state (black symbols). In principle, the polymer starting from the
extended state would end up relaxing to the collapsed state in the limit of infinite time,
however for our finite-time simulations this process can be limited by slow reaction
kinetics. This bifurcated system therefore represents the only system presented in this
investigation where the length of the run is no longer larger than the relaxation time
of the system, accomplished by simply changing the nature of the binding kinetics.
Such behavior could have ramifications in the response of association-collapsed chains
in flows, and could lead to interesting rheological memory effects.
9.3 Conclusions
In this chapter we have shown that, in analogy to simpler Lennard-Jones models,
the presence of associating groups along a polymer chain can induce chain collapse
into a globule polymer structure. We have developed Brownian Dynamics simula-
tions that couple to Bell model-inspired reaction kinetics to emulate the behavior of
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Figure 9-10: (R2 ) 1/ 2 VS. eff for N = 50. As the value of AEUB (AEB = 0) is increased
and the globule is collapsed, the initial state of the globule has an effect on its size
at the time scale of the simulation (5 x 108 time steps). If the initial configuration is
elongated (black points), there is a finite time for the collapsed structure to become
realized. If the structure does not have the ability to relax fully in the time scale
of the simulation, it remains larger than equilibrium collapsed conformation. This is
seen in the points above Uef > 2, where AEUB is large. If the globule is collapsed
by slowly increasing the value of AEUB (red points), the resulting size is closer to
the equilibrium collapsed structure. The solid black line indicates the collapse of a
Lennard-Jones system with respect to the interaction parameter siLJ. Error bars are
smaller than the size of the data points.
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a self-associating polymer. These types of associations are ubiquitous in polymeric
materials, with this type of model representing features such as hydrogen bonding,
metalloorganic complexation, and reversible covalent bonds. This type of interac-
tion has already been very important in the design of novel responsive materials,
and here we consider the single-chain analogue. Through these simulations, it has
been demonstrated that these collapsed polymers demonstrate the same structural
characteristics as those obtained through Lennard-Jones interactions, and by using
a mean-field model it is possible to provide a direct correspondence between the pa-
rameters of a Lennard-Jones model and a reaction-based model. This correspondence
is capable of being modified to incorporate a number of effects, including multifunc-
tionality and periodic binding, however we expect there to be limits to the latter due
to the tendency of associating units that are separated by long non-associating chains
to form "flower micelle" conformations. This property, however, may be useful in the
creation of solutions of collapsed polymers that are resistant to macroscopic phase
separation.
Prom a dynamical standpoint, by incorporating associating groups with large en-
ergy barriers we show that it is possible to increase and controllably manipulate the
relaxation time scale of a single polymer chain without changing the equilibrium
chain conformation. This is due to the longevity of "clusters" of monomers around
two associating monomers, resulting in long time-scale correlations. The addition
of a relaxation timescale that is governed by association kinetics rather than chain
characteristics has implications on most dynamic properties of a single chain. For
example, this would drastically change the rheological behavior of a solution of these
molecules, whose deformation behavior of flow is intimately tied to the reorganization
time scale of a polymer chain. The abundance of these types of interactions in biolog-
ical polymers, which work in concert with interactions that have more rapid dynamics
(hydrophobic and dispersive forces, for example), suggests that these results are also
important in the behavior of biological materials.
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Chapter 10
Giant non-monotonic stretching
response of a self-associating
polymer in shear flow
10.1 Introduction
Biological molecules such as vWF demonstrate a wide variety of binding and associ-
ation behaviors, and a great deal of effort has gone into characterizing the kinetics
and force response of these biological bindings, which often display counterintuitive
and complex behavior. [1, 2, 3] Experimental and theoretical investigations have
incorporated some of these ideas into novel material systems, especially gels, that
demonstrate responses to external stimuli on the time scales governed by the kinet-
ics of associating groups.[4, 5, 6, 7, 8, 9, 10, 11, 12] On the single chain level, the
previous chapter demonstrated that these polymers display both a collapse transi-
tion upon increasing the binding energy and a polymer dynamic regime governed by
binding kinetics.[13]. However, most of the promising properties of these biologically
inspired systems will occur in situations far away from equilibrium, when subjected
to external forces such as fluid flows.
In this chapter, we investigate the conformational response of a single self-associating
polymer in simple shear flow. Understanding the response of a single polymer chain to
an applied flow field has been an active area of research for the past few decades, yield-
ing insight into the dynamics of polymers in dilute solution.[14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27] This has had ramifications in a wide variety of situations, in-
cluding disparate fields such as protein conformational behavior, [17, 20, 28, 29] macro-
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scopic fluid rheology,[27] and molecular-level single chain manipulation[16, 19, 21, 23].
Contrary to previous studies, we find for the present situation that the inclusion of
self-associations and the consequent introduction of an additional time scale manifests
itself in a counterintuitive non-monotonic stretching response with increasing shear
rate. This effect was first observed recently using self-avoiding polymers that exhib-
ited a rather weak non-monotonicity, an effect amplified when (non-physical) phantom
chains were considered.[18] For real chains, however, it was neither clear how large
this effect could be nor how one could modulate or tune it. Here we explicitly show
the origin of this effect and how one can manipulate it. Under some conditions, in
fact, we obtain a very large reduction in the average chain size for moderate to high
shear rates. Our results can also be potentially important for understanding previous
experimental observations on the response of DNA conformations in microchannels to
oscillatory electric fields.[30] In these experiments, similar non-monotonic frequency
behaviors arise, an effect attributed to the natural system relaxation time.[30] Fur-
thermore, our results have strong implications in the study of biological polymers
where interaction time scales may result in complex dynamic behavior, and in the
development of novel material systems where the use of supramolecular chemistry
concepts may provide opportunities for engineering dynamic properties on the molec-
ular level. For example, there is much newfound interest in the possibility of using
fluid flows to exert control over the molecular details of polymer solutions, in much
the same way that molecules such as DNA and proteins are manipulated in biological
systems to display function at the molecular level.[17, 23, 31]
10.2 The Constrained "Stuck" Globule
We develop a picture of the shear response of a single polymer based on understand-
ing the kinetic behavior as the polymer proceeds through the relevant trajectory in
conformational space. This is similar in spirit to approaches by DeGennes and Pe-
terlin in deriving the dumbbell equation,[14, 15] only we consider a coarse-grained
representation of conformational space that is generalized to two situations: a stuck
globule that cannot be stretched due to constraints, and an unstuck chain that can be
freely stretched. The basic idea behind this model is that the globule needs to relax
internal constraints (or bonds) in order to be able to stretch under shear. The original
conceptual picture is an alternation between the coil (or globule) and the stretched
conformation (a process known as tumbling). In this process, the shear flow can
stretch out the polymer from the coiled state if it overcomes the entropic polymer
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Figure 10-1: Relevant transitions in conformational space. A coil or globule will
be stretched by a shear flow A'y. The concurrent tumbling instability will drive the
polymer back into the coil or globule, however due to either hydrodynamic effects or
association constraints the polymer may be at first resistant to stretching for some
subsequent amount of time. We dub this state the "stuck globule" (sg) state, and the
traditional coil-elongational description represents the "coil-stretch" (cs) state. The
arrows show the conformational trajectory of a self-associating polymer in shear flow.
relaxation, but will also drive the polymer back into the coil (globule) state due to
a flow instability. This behavior prevents full and continuous elongation of the poly-
mer, and has been directly observed in both simulation and experiment.[15, 21, 23] We
postulate that, in the case of self-associating polymers, one must include apart from
the coil and the stretched conformations another constrained state that we denote as
the "stuck globule". Our approach thus considers associations as these constraints,
however other effects (hydrodynamic shielding and counterion mobilities, for exam-
ple) may also serve this role. Furthermore, we assume that the stuck globule state
is attained immediately following the stretched conformation after a tumbling event,
likely due to the compressive portion of the tumbling cycle that has recently been
experimentally shown to significantly affect chain conformations.[32] Once this stuck
globule state is reached, these constraints largely prevent the subsequent elongation of
the polymer until it can relax into the coil state. We indicate this tumbling trajectory
in Figure 10-1.
10.3 Theory of Associating Polymers in Shear Flow
With this conceptual picture, we consider the kinetic equations of the form ani/'t =
hi = Ej vjing where ni is the fraction of polymers in an ensemble with conformation
i and vug is the frequency that state j proceeds to state i. This, combined with the
steady-state assumption ni = 0 and a normalization condition Eini = 1, represent a
discrete analogue to the DeGennes and Peterlin dumbbell theory. [14, 15] Conveniently,
we can draw the boundaries of these conformations i in any way we like, and as per
Figure 10-1a we consider only two states, a stuck-globule state and an unstuck state.
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These are represented with subscripts sg and u respectively. For our purposes, the
unstuck globule/coil-stretch state is analogous to the traditional stretching response
of a non-associating polymer with an equivalent equilibrium state.
Since we are considering a two-state model, there are only two transitions: the
stuck globule relaxation (represented by the subscript sg-u), and the tumbling process
(represented by the subscript u - sg). The relaxation from the sg -+ u occurs with a
frequency governed by the inverse of its characteristic relaxation time, rL, i.e. vgu
Tg (where a ~ indicates proportionality of order unity). The form for rL is reliant
on the origin of the globule's "stickiness", and is thus situation dependent. For the
particular case we study here, the relaxation timescale can be tuned by changing the
binding constants, as will be shown below. On the reverse pathway, the frequency
of tumbling and sticking is governed by the time scale of the fluid flow. "Attempts"
to the stretching process occur twice during a single rotation of the coil due to the
two directions along the stretching axis of the elongational portion of the flow, and
the coil rotates at a frequency of half the shear rate A/2. Tildes indicate that a value
was rendered dimensionless by a combination of the single-bead diffusion time ro,
thermal energy kBT, and the bead radius a. Since tumbling (and therefore sticking)
immediately follows stretching, we can write the the frequency of the coil-globule
sticking as proportional to the frequency of stretching vu-,g ~ -/4. Tumbling of e-
polymers typically follows the scaling Vtumu,-e ~ , where m < 1. Since we are dealing
with collapsed polymers, however, stretching attempts are associated with globule
rotation and vusg ~ 7 1 (see for example peak fi in fig. 8 of [29]).
By considering only two states we obtain the straightforward result:
n, = sgu = 1+ 4 1 (10.1)
Vu-sg + Us- 'TL]
where C absorbs the proportionality constants from the values related by a ~ (since
both are of order unity, we assume C ~ 1 throughout the rest of this chapter). This
equation represents the transition from a globule-deficient regime at low 7 to a coil-
deficient regime at high 7, with a transition between the two regimes that occurs at
a critical shear rate 7* ~ 4rTL. To place this in the context of the observable variables
of the shear transition, namely the average extension of the polymer chain (L), we
calculate the weighted average based on the number of states:
(L) = ng(L),,+n(L)U (10.2)
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where (L); is the average extension of a polymer in state i. Generally, the average
extension can be a function of - for a given state depending on the details within
the state itself. Since the u-state contains both the coiled polymer and the stretched
polymer, the balance between the two will demonstrate a response similar to the non-
sticky polymer of the same geometry (the equilibrium structure for the non-sticky and
self-associating polymers should be equivalent). This condition is requisite due to the
highly conformation-dependent dynamics of a polymer chain in solution, since HI
become highly screened as the polymer collapses more and more. For the sg-state,
(L) depends weakly on , and is roughly constant except when 7 is large enough to
elicit small responses similar to traditional droplet stretching.
10.4 Simulation Results
To corroborate our results we perform Brownian Dynamics simulations with hydro-
dynamic interactions to investigate the behavior of a self-associating single polymers
in flow. The model is based on a coarse-grained representation of a polymer. The
interactions between the different monomers are given as follows: the connectivity
along the backbone is ensured by using stiff harmonic springs between neighboring
monomers along the contour, self-avoidance is assured by employing a Lennard-Jones
potential between all monomers with an attractive well depth of 0.41 kBT that en-
sures a non-associating polymer will be in the 0-state, and finally, we include binding
between monomers that are within a reaction radius. The last interaction is the self-
associating interaction and the one that allows us to tune the relaxation timescale of
the polymer without changing its equilibrium conformation. For the last interaction
we use the classical binding model of Bell (see Fig. 2).[2] Details of the implemen-
tation of the model can be found in the supplementary material (SM) or in Ref.
[13].
We carried out the aforementioned simulations with a reaction radius of r,n = 2.1,
which has been previously shown to work well in this type of simulation,[13] and use
1/ro = 1/(0.0025-r) as our attempt rate. We mainly measure the extension distance
(1) as a function of the shear rate 7 since this value is a standard measurement in the
previous literature to describe the geometry of the polymer chain. [15, 19, 20, 23] Other
measures could be used, however we expect them to demonstrate essentially the same
behavior. We plot in Figure 10-3a the fractional extension (L)/(2Na) as a function
of shear rate i for a number of different binding energy landscapes (parameterized
by AEUB, AEO = AEB - AEUB) for chain length N = 80. We expect that, in the
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Figure 10-2: The energy landscape for a single associating pair of binding monomers.
If two spatially adjacent monomers are within the reaction radius, there is a possibility
that these monomers will bind and a spring between the two will form. The energy
barrier to form this bond is given by AEB, and the barrier to unbind from this bond
is given by AEUB.
limit -y -- 0, the equilibrium value of (L) should approach the same value for the same
value of AEo regardless of AEUB. This is indeed the case, and as AEo decreases we
also observe the anticipated decrease in the size of the coil in this limit. The behavior
at finite and positive values are dependent, however, on AEUB. As the shear rate
-y increases, the shear response follows the expected elongation behavior for the coil-
stretch state. At some point, however, there is a sudden and marked decrease in the
elongation with an increase in shear rate. This non-monotonic behavior subsequently
reverses at even larger values of ly, to once again exhibit an increase in elongation
with increasing shear rate. This can be attributed to the globule stretching response
to the fluid flow, which occurs at large shear rates relative to the typical stretch
transition for the coil or lightly-collapsed globule. At low enough values of AEO s -4,
the stretching behavior is fully arrested as the binding energy becomes too much for
the flow to overcome regardless of AEUB.
The observed non-monotonicity is not unique to this particular scenario, since a
similar feature has been reported previously for non-associating e-coils in shear and
a dynamically-induced collapse transition was seen experimentally in DNA under
oscillating electric fields.[18, 30] In our case, we can however, show that by changing
the time scale of the binding kinetics a sticky globule state is indeed the relevant
pathway. In Figure 10-3b, we again plot (L) versus -y for the case of AEO = 0 for
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iFigure 10-3: (a) Polymer elongation (L)/(2N) as a function of the shear rate ~y for
different values of AEO and AEUB. As expected, decrease in AEO results in the
collapse of the polymer at all values of -. Increasing values of AEUB demonstrate
the presence of a marked decrease in the ability of the polymer to elongate under
the influence of shear for all values of AEO. The response for a e-polymer is also
shown, and also demonstrates non-monotonicity due to the same effect as that seen
for the binders, only solely due to hydrodynamic effects. (b) (L)/(2N) vs. - for
different values of AEUB at AEO = 0. Simulation data (points) matches well with
the theoretical prediction (lines). The LJ response for a polymer of similar level of
collapse fi = 0.55 is also shown (connected points), and serves as an input for the
theory. Green arrows correspond to time sequences shown in (c). For (a) and (b),
error bars are smaller than symbol size. (c) Polymer elongation L/(2N) as a function
of time at a number of shear rates with AEO = 0 and AEUB = 5.0. Notice the
suppresion of stretching events as shear rate is increased.
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a number of different values of AEUB. The parameter AEUB directly changes the
relaxation time of the polymer through the relationship iTL N 1 + -oeAEUB-(PB)P*.[13]
We also plot for reference the shear response of a non-associating coil with ii = 0.55,
which has the same equilibrium size as a polymer with AEO = 0. The non-associating
polymer with 'f = 0.55 is useful as an input to our theory data, since it serves as an
approximation of (L).. We use a function of (L),g/(2N) that is , 0.15 for i 5 1 and
increases in the same fashion as the AEUB = 11 data for - > 1, which is suggested by
the simulation data in Figure 10-3c. This is somewhat larger than the equilibrium
value for the rest state, because of the shear-induced bias of the globule state towards a
slightly elongated structure. With these parameters, we can demonstrate quantitative
matching between simulated shear responses and equations 10.1 and 10.2, which are
shown as solid lines in Figure 10-3b. This model provides an excellent fit to the
data over the entire simulation range of 7, indicating that we correctly capture the
physics present in the simulations. Deviations begin to appear at high AEUB, which
we attribute to tumbling events that do not lead to sticking. While such non-sticking
events are rare in our simulations since associations occur between all non-nearest-
neighbor beads, we expect specific interactions like those found in proteins would
necessitate modifications to our theory to accommodate this effect and would display
behaviors similar to work by Szymczak and Cieplak.[29]
To reinforce the idea that such a coarse view of the polymer conformation space
is indeed valid, we provide in Figure 10-3c a number of time plots of the elongation
(L) for a number of shear rates for a polymer that displays non-monotonicity (in this
case, AEUB = AEB = 5.0). These time plots display the features that we expect for
our postulated situation; at y = 0.025, there is little elongation. At - = 0.25 there
are large tumbling fluctuations in L characteristic of a typical polymer coil-stretch
transition. At even larger 7 = 2.5, elongation becomes significantly suppressed due
to slow response of the "stuck" polymer. Occasional extension occurs, but quickly
reverts to the sticky globule state upon tumbling. Finally, at the highest simulated
= 10.0 the stuck globule state begins to elongate due to the influence of shear.
10.5 The Spectral Properties of Associating Poly-
mers
We can further demonstrate these principles be examining the spectral properties of
this system through its Power Spectral Density (PSD). The PSD is a useful measure
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of a polymer's response to an applied shear flow, since it serves as a measure of
dissipation in the system and characterizes the fluctuation modes of the polymer.
Measuring the spectral properties of the extension length L(t) is a widely used method
to understand the dynamics of a polymer in solution, since the PSD is very sensitive to
different conformational behaviors. For example, the difference between the extension
of a e-coil versus the extension of a fully collapsed coil have vastly different scaling
behaviors at large ~y, due to a change in extension mechanism.[201
The PSD for the extension length L(t) is given by P(w) = L(w)i*(w), where
L(w) = JT L(t)ealdi is the spectral representation of L(i). We perform the data
analysis in the same fashion as the previous literature. [20] Alternatively, we can also
write an analogous PSD for the orientation angle PO(w) = $(w)$*(w), where $(w) =
A 0(t)eiwt dt is the spectral representation of 0(i). 0(i) is given by calculating the
radius of gyration tensor Gi3 = N - icom)/N (where i and j represent 
or z components) and using the relationship:
_ 2G~
tan (20) = -z (10.3)
Gxx - Gzz
as defined in reference [33]. Both PSDs (P and PO should demonstrate the same results
below (though we derive our theory with P), however we note that traditionally
PO is more widely used due to its higher sensitivity to the presence of tumbling
frequencies. [33]
To determine the expected behavior for the PSD for the proposed "stuck globule"
mechanism, we write out the spectral representation of L as a piecewise sum over
arbitrary time intervals up to time T:
L(w) = j L'( )eLd+ Lsg(t)e*'dt +
0T
+ fTL(/sg)()eidi (10.4)
where i. represents a time interval where the polymer exhibits "unstuck" character-
istics, and the polymer behaves essentially the same as a chain with LJ interactions
and it, represents a time interval where the polymer is in the "stuck globule" state.
We can reorganize this into just two integrals:
ZaT -T
L(w) = I Lu (t)Te**d+ I L.(te Idi (10.5)
where a is the fraction of time that the polymer spends in the unstuck state. The
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second term, at low frequencies, is negligible by definition (it can only stretch by
small shape deformations in this state), so we can rewrite this equation as:
aT
L(w) f L( )ewdi (10.6)
We can compare this to the PSD for a LJ polymer that is never stuck by considering
the ratio:
L(w) fJ" LI(i)eiidt(
~ SLT = at (10.7)
Lo(w) f6 L,([)eiwadi
where Lo(w) is the spectral representation of the LJ polymer. The ratio of the two
PSDs is then given by:
P(w) _ L(w)L*(w) 2 (08
N a2 (10.8)
Pow) Lo(w)L(w)
Since a represents a fraction of unstuck time for a polymer undergoing the "stuck
globule" mechanism, it is independent of w. This means that there is a constant pro-
portionality between the PSDs of an associating polymer and a LJ polymer in shear,
with the associating polymer always demonstrating an equal or lower magnitude that
is directly related to the extent of "sticking". This is clearly seen in both Figure 10-4
and Figure 10-5, where at high shear rates where the polymer is always stuck the
LJ and associating polymers show different magnitudes but the same dependence on
w. We also note that the angular PSD P does not demonstrate the strong peaks
characteristic of e-coil PSDs for either the LJ polymer or the reacting polymer. This
highlights the difference in extension behavior between this collapsed chain and a
non-collapsed chain (PSDs using the same algorithm on simulations we ran using the
same bead-rod BD model only for e-polymers show clear peaks, in agreement with
the literature).
10.6 Conclusion
In conclusion, we have shown that the inclusion of self-associating binders based on
Bell model kinetics[2] has a profound affect on the dynamics of polymers responding
to an applied shear flow. Due to the competition between the relaxation time of
the polymer, the relaxation time of the binders, and the deformation time scale
of the fluid flow, a strong non-monotonic shear response is observed. Our coarse-
grained theoretical approach is sufficient to capture the underlying physics that govern
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Figure 10-4: Power spectral density P versus frequency C~ for LJ-polymer (filled
symbols, i = 0.55) and self-associating polymer (open symbols, AEO = 0, AEUB =
11.0) for the shear rates indicated in Figure 3b-c. Both trends are the same, except
in magnitude, implying the same shear response except when suppressed by the stuck
globule state.
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Figure 10-5: Power spectral density Po versus frequency LZ for LJ-polymer (filled
symbols, ii = 0.55) and self-associating polymer (open symbols, AEo = 0, AEUB =
11.0) for the shear rates indicated in Figure 10-4. Like Figure 10-4, both trends
are the same except in magnitude, implying the same shear response except when
suppressed by the stuck globule state.
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the response observed in the simulations, which can be readily tuned by changing
the kinetic characteristics of the binders. The non-monotonic behavior shown and
manipulated here is an example of concepts that may prove useful in describing a
number of similar behaviors, such as those seen in e-polymers in shear[18] and DNA
responding to AC electric fields.[30]
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Chapter 11
Force Spectroscopy of
Self-Associating Homopolymers
11.1 Introduction
Force spectroscopy has, over the past decade or so, become a standard method to
measure a wide variety of polymers, especially biomolecules.[1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15] We introduced this method of probing polymer dynamics of
collapsed Lennard-Jones polymers in Chapters 6 and 7, however with more compli-
cated systems a great deal more information can been gleaned from this method,
such as the kinetics of intramolecular bindings in biological systems or coupling be-
havior between tension and biological function through a number of different pulling
protocol.[4, 6, 8, 12, 14, 16, 17, 18] Individual molecules are most commonly pulled
by one of two methods; Atomic Force Microscopy (AFM) [8, 12, 13, 19] or optical
tweezers,[6, 8, 19] and highly sensitive data can be obtained from both types of mea-
surements. Previous work in this area has elucidated, for example, the mechanical
properties of the muscle protein titin, which is known to possess highly beneficial
dissipative properties, [2, 3, 7, 101 the base-pair binding behaviors in DNA, which
has potential as a route towards the rapid probing of DNA sequence, [20] the un-
raveling and conformational-change behavior of a number of protein domains and
RNA, which is crucial to understanding the relationship between their structure and
function,[1, 6, 9, 18, 12, 15, 21, 22] and the binding behavior of ligand-receptor pairs
(including a number of catch-bond systems) in a large number of proteins.[22, 23, 24]
Force spectroscopy has also asserted itself as a useful tool in understanding the force-
extension behavior of single synthetic polymer molecules as well, and has been used
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to test fundamental polymer physics models with great precision.[11]
A significant amount of simulation and theory has concurrently been developed to
understand the variety of ways that a molecule can be probed using force spectroscopy,
usually pertaining to various properties that are expected to be exhibited by the
protein under investigation.[4, 5, 14, 16, 17, 18, 25, 26, 27, 28] For example, simple Bell
model-type theoretical constructions similar to the behavior introduced in Chapter
8 have been refined to measure the kinetic and equilibrium behaviors of individual
protein binding behaviors and considerations that account for the presence of a series
of the same type of bond are now commonplace.[14, 16, 17, 26]These theories are
largely successful, despite lacking chemical detail, since they represent binding energy
landscapes in the most "general" fashion.
We build along our concurrent lines of research, and are interested in applying
these methods to the burgeoning interest in self-associating polymer systems (that
use eg. hydrogen bonds, metal-ligand interactions, reversible covalent bonds, etc.).[29,
30, 31, 32, 33, 34] The relevance of these types of interactions is apparent in the
aforementioned biological systems, where binding is both reversible and long lived.[20,
23, 24, 26, 35] The ramifications of reversibility with finite time scales have gained
a lot of recent attention in the field of gels and melts.[29, 31, 34, 32] By including
these supramolecular motifs into a gel structure, novel and interesting "responsive"
mechanical and chemical properties can be obtained.[29] Theoretical and experimental
evidence has shown that most of the dynamic properties of these gels derives directly
from the binding time scales, and therefore by tuning the binding chemistry one has
precise control over the mechanical properties.[34, 29]
It is not surprising that the self-association motif would have some relevance at
the single-molecule level as well. The past two chapters have investigated through
a straightforward theoretical model the ramifications of incorporating a Bell-type
model into a Brownian Dynamics simulation. [30, 36] While the equilibrium structure
of a single coil appropriately follows a collapse transition that is completely map-
pable to the case of a Lennard-Jones polymer model, it has become apparent that
the dynamics of the binding in a Bell-type model can dictate a polymer's relaxation
behavior.[301 This remains true out of equilibrium, where it has been shown that
binding dynamics can be used to manipulate and magnify the non-monotonic shear
response of a single polymer chain.[36] At both a conceptual and practical level it is
important to understand how such a molecule behaves under a pulling force. Concep-
tually and fundamentally, this represents a small but incredibly significant departure
from the well-studied case of a single polymer chain under tension and illustrates
266
clearly the role that time scales can play in a pulling experiment under very general
conditions. Practically, this model is sought for use as a model for biological proteins,
in particular the blood clotting protein von Willebrand Factor which demonstrates
simple homopolymer-like structure on the quaternary level but contains complicated
and long-lived associations at the chemical level. [15, 24, 37, 38] Furthermore, the sim-
plicity of this model lends itself to materials design principles that can be adapted in
a facile manner to other systems.
In this paper we apply the self-association ideas to a polymer chain pulled un-
der loads in a similar fashion to force spectroscopy. We focus on a constant-velocity
approach, however the theoretical principles we introduce are equally relevant in
the context of a constant-force load. By elucidating the role of a relevant coordinate,
namely the "shortest chain" through the associating polymer network, we can develop
kinetic equations that describe the evolution of a self-associating polymer through the
pulling process and consequently the force-extension curve. We numerically consider
the resulting equation for two cases: a random self-associating homopolymer and a
self-associating helix. These two cases represent opposite extremes in terms of the or-
der of the system; the random self-associating homopolymer represents a completely
non-ordered system, where entropic considerations play a significant role in the re-
laxation pathways of the network, while the helical polymer represents a much more
ordered system that is analogous to 3-sheet structures, where binding and coopera-
tivity are most important.
11.2 Theory
To fully understand the relevant physics when considering the extension of a single
self-associating homopolymer, we develop a general theoretical model to describe the
pulling of any chain upon the input of the appropriate chain topology characteristics.
We will subsequently consider two specific cases that represent contrasting scenarios
where the chain topology characteristics can be defined, and demonstrate how the
predictions match simulation results.
11.2.1 Shortest-Chain Kinetic Equation
We begin by defining a parameter that serves as the most relevant topological co-
ordinate upon which we develop our approach: the shortest chain M. The value of
M represents the number of monomers along the shortest possible path through the
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network resulting from both the linear polymer bonds and the associating bonds at a
given time t. We use this value due to its immediate relevance primarily to the force
propagation through the chain. The other convention that we use is an averaging over
trajectories (represented by a (---)T) approach, which allows us to consider distribu-
tion functions that are smooth rather than deal with individual trajectories. We are
able to reconsider single trajectories later through a stochastic, numerical evaluation
of our results. We can rewrite this average of trajectories in a more convenient way,
using a variable 0 that is a function of M:
(O)T = N M d(11.1)
where N is the overall contour length of the chain, M is the shortest chain through
the network, and TM is the probability distribution function of M under a given
condition (parameters like chain length L, time t, and extension history). We can
thus fully characterize the system by considering the time evolution of the distribution
function TM through the development of a kinetic equation.
To develop this kinetic equation, we use the Master Equation:[40]
= VM,'Ij (11.2)
where VM,j is the jump frequency from a shortest-chain of j monomers to a shortest-
chain of M monomers, and can be represented by the matrix:
V1, 1 V1,2 ''V1,N) (k*M VM,k VMI '
V2,1 V2,2 ''V2,N &W Mk j
VM'j = -+ . (11.3)
M~j ~k*M VM,k
VN N,2 ' ,N,
where W,, corresponds to values of VMj where j < M (an extension of the shortest
chain from j to M), and v;,J corresponds to the values of VM,j where j > M (a
shortening of the shortest chain from j to M). The matrix on the right is thus in a
reduced form where the upper triangle and lower triangle are given by vUyj and V
respectively. The diagonals are given by the negative sum of the non-diagonal com-
ponents along the rows, which enforces the conservation of the distribution function.
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This essentially splits the sum given by 11.2:
a9 4 JM = E LVlf'j + E VMI'j'1j - zVMj4FM (14
j<M j>M
We split the sum in this fashion to account for the two separate mechanisms governing
chain extension versus chain shortening, and thus treat these two effects separately.
We further rewrite this equation to consider only the difference n = IM - j| between
M and j (an assumption of translational invariance along the chain backbone):
M N-M
= Zv(M - n)Mn -v-(M)!M + E vn-(M + n) FM+ - v(M)'IM (11.5)
n=1 n=1
This type of master equation is similar to the starting point for famous time-evolution
equations, such as the Fokker-Planck equation.[40] If N is small compared to the
typical change in M (n < N), we must use the discretized summation since expansions
in n are not warranted. In the infinite N limit, we expect that such an expansion may
be valid (leading to a Fokker-Planck-like equation) assuming both vn and v; decay
quickly with n such that jumps along the M-coordinate are completely local (n «N).
We can develop an approximate equation for such a continuum limit by expanding
vu(M + n) ~ v*(M) + (av*/OM)n +--- and I(M + n) ~ T(M) + (BW/dM)n + --- In the
first order limit, and assuming that vl -+ 0 quickly with n, we can then write:
&'IM .. - IM (un~ - un)]
~$ E [vM - vn] +q (11.6)
at n=1 am aM -M
we then consider only the lowest index term n = 1, since this term will dominate the
series, and the Master Equation becomes:
IMM + M DM (11.7)
We do not typically make this assumption, however, and instead consider the
problem entirely from this discrete representation where jumps by n may be quite
large. Practically, this consideration is important due to the relative scarcity of
binders along the contour of a particular polymer chain; the types of groups that
might be represented well by a Bell-model would likely be large enough that binders
per chain would typically be smaller than a few hundred.
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11.2.2 Chain Extension
Chain extension is considered in the jump frequency v(M), since it represents the
addition of length to the shortest chain from M to M+n. Since this is a kinetic process,
we must include an attempt frequency. If we know an overall attempt frequency of
unbinding, vo, we can calculate the attempt frequency over a given binding barrier
VUB as:
vUB = voe-(AEUBfTr*) (118)
where AEUB is the unbinding barrier, fT is the tensile force along the bond, and r*
is the reaction radius of the bond. vo, AEUB, rr., and r* are set (in our accompa-
nying simulations) by specified parameters, and represent the temporal, spatial, and
energetic parameters describing the landscape of the unbinding energy. The model
presented here represents the traditional "slip bond", which demonstrates an increase
in unbinding frequency with increased force.[23] In principle, however, one could in-
corporate more complex force responses that correspond to biological catch bonds
where the opposite is the case for small forces. [23] The tensile force fT = fT(M, L)
is more complicated, and is generally a function of both the along-chain tension im-
parted by the pulling force and the degeneracy of paths through which that load is
dispersed. At and near equilibrium, there is a certain fraction of monomers that are
bound, given by the fractional quantity #. Along the shortest chain, there is a fraction
of association bonds along the contour of #M = 0/(1 + #). This relationship shows
statistically that a the shortest chain's path through a bound bead can either follow
through the backbone (weighted by unity) or through the bound bead (weighted by
the probability that the bound bead is present, #). Each of these #MM bonds has
the possibility to unbind, and the shortest chain can subsequently "jump" to a longer
value of M + n (shown schematically in 11-1). There is an additional probability that
needs to be taken into account, however, that the unbinding of a given bond will
unbind to reveal an extension of the shortest chain by n molecules (rather than n + 1
or n -I, for example). This is given by the probability distribution Q(n), which is the
distribution of next-shortest chains for any given binder. This distribution is subject
to the normalization condition f07 dnQ(n) = 1. We leave this as an open parameter
in our general model, but revisit this when we consider specific polymer topologies.
With this information, we write the complete expression for chain extension:
vn (M, L) = vo~mM (n)e-(AEUB-fT(M,)) (11.9)
270
M+n
(
ii-
Figure 11-1: Schematic demonstrating the extending and shortening pathways along
the M-coordinate, occuring with frequency v, and v. respectively. The elongating
pathway, represented by the left to right process, occurs when a bond (between the
two red dots) along the shortest chain (red path of length M) is broken. The next-
shortest chain (of length M + n) thus becomes the shortest chain, extending the chain
for n > 0 (blue chain segment). The shortening pathway, represented by the right to
left process, occurs when two beads n apart along the shortest chain contour of length
M + n bind to produce a shortest chain of M. While other modes for the shortening
process are imaginable, we assume these contributions to be negligible.
11.2.3 Chain Shortening
Chain shortening is considered in the parameter v; (M), and represents the rebinding
of a chain back to itself to form a shortest chain of length M - n. The overall attempt
frequency of binding is given by the value vB:
YB = voe-5B(
This rebinding is conditional, however, on the presence of two unbound beads within
a distance of ca. 2a from each other (where a is the bead radius). This is given by the
probability that the beads are both unbound (#UB = (1 - #M) 2 ) and the probability
that the beads are within a distance of 2a, p2a. The latter probability is given by
integrating a radial pair-correlation function for two beads n beads apart, C(r, n),
that has the normalization property f 7 dr4irr2C(r, fT, n) = 1:
2a
P2a = I 47rr 2 0(r, fT, n) (11.11)
There are a total of M - n of these pairs, so the overall chain shortening expression
is:
vn-(M, L) = vo(M - n)(1 -# OMq p 2 a1
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The presence of the force argument in the radial pair-correlation function is how the
argument of the extension length L enters this parameter. Thus, there is an implicit
relationship between force fT and both M and L, as in the case of chain extension.
11.2.4 General Kinetic Theory and Equilibrium Chain Dis-
tribution
While this equation cannot be solved in principle, we can still write out the general
kinetic equation taking into account the more precise forms given above by combining
equations 11.5, 11.9, and 11.12:
gqI N-M
at0 [vOMM - n)Q(n)eAEB+fr(M-n,)r* ]M-n -~
n=1
N-M
- E [O(M - n)(1 - #M)2 p 2ae-AEB I M +
n=1
M
+ E [VOM(1 - #M)2 p2 e-"E ] 'M+n - [voMMQ(n)e-AEUB+fT(ML)r* M
n=1
= voeAEB M O M 1 - n) Q(n)efT(M-n,L)r* ] M-n
n=1
N-M n O)
E- - (1- M)2P 2 aeAEo] JM +
n=1 M
M
+ 1 [(I - OM) 2 P2 aeAEo] 'M+n - [OMQ()efT(M,L)r*] 'M] (11-13)
n=1
The latter form of the equation is enlightening due to the factorization of the binding
time scale out of the remainder of the expression. A simple scaling argument fol-
lows from this; the movement of the shortest chain distribution scales as BWM ~
voe-AEuB. Large-scale dissipation occurs when this distribution can no longer out-
pace the stretching velocity of the chain, so there is a transition when f- ~ DWM/&-
Therefore, a "sticking" transition occurs when:
This is not a surprising result, since it states that if the velocity of the pulling is faster
than the relaxation time of the bonds in the single-chain network, then larger chain
tension is required to force rearrangement and subsequently more dissipation occurs.
With this theory, it is trivial to develop an expression for the equilibrium distri-
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bution for a given condition for the extension L by setting B'M/1t = 0:
#M [ 1( - ) (n)efT(M-n,L)r* ]M-n + M Q(n)efT(ML)r* WM =
n=1 n= iP
N-
=1 -M)2P2e'EO TM + 1 - OM)2p2ae A FM+n (11.15)
We can also write these equations in a continuum form (assuming a large N and
local jumps n), using equation 11.7:
__ M - [ EUBM (Ap 2 a - A+efTr ) + X1 M A- [P2a + M 2] - A+ efTr* [I - Mr* ])]
at am am am
(11.16)
and likewise obtain the partial differential equation:
9
'IM,O rA-(L + j)-A+efTr* ( - r*fT)
am A-p2a - A+err 'M (11.17)
where we have introduced the constants A- (1-#M) 2e-AEo and A+ = qM(1 - ()),
and the subscript 0 indicates an equilibrium value. These are complicated differential
equations, and thus solutions require numerical methods. For both the discrete and
continuous representations, however, there are four critical pieces of information that
must come from the particular topological situation: Q(n), #M, fT, and p2a. For most
simple situations, these values can either be analytically calculated, or determined
via simulation to obtain the desired pulling information.
These results enable trajectory-averaged quantities to be determined. For exam-
ple, once WFM is calculated, it is possible to calculate the average chain force:
N
(fr)T(L) = (fT(M, L) + fyric) WIM(L) (11-18)
M=O
where ffric s Mi/4 is the hydrodynamic friction force required to sustain the pulling
velocity f. Likewise, it is possible to find the average shortest-chain length (M)T
or its moments (Mn)T using the same method. Furthermore, a stochastic scheme
can be used to recreate examples of single trajectories from the time evolution of the
distribution function 9M through the calculation of a random number - between 0
and 1. We can start with an initial condition for M, MO, and then define a cumulative
probability distribution function ( associated with the set of jump frequencies 1 1m,MO
and describes the probability of jumping from Mo to m over a small period of time
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At:
o"vm,Mo m <M
c(mmlvj M0, vMM.M )
At = 1 -Vm,Mo=+01 - Eom,Mo m = Mo (11.19)
EMo0 1 Vm,Mo + 1 - Vm,M 0 + IM+1 Vm,Mo m > Mo
where the asterisk denotes a summation that does not include the m = Mo term.
We can define an inverse function m((, M0 , vij) that outputs the m associated with
a random number ( between 0 and 1, an initial shortest chain length of M0 , and
the jump frequency matrix vij. We can then write the evolution equation of a single
trajectory:
M(t) = m((, M(t - At), vij(t - At)) (11.20)
which essentially states that there is a probabilistic jump based on the jump frequency
matrix calculated at a given time step that advances it to the next step.
11.3 Specific Topologies .
Armed with this general theory, it is possible to analyze the force extension behav-
iors in single molecules with specific topologies. While it is possible to imagine any
number of options for this case, we consider two extreme examples that represent re-
alizable and relevant conformations that nicely demonstrate the principles governing
the behavior of these systems. First, we consider the case of a random self-associating
homopolymer where the molecule reacts with an unconstrained conformation, and in
equilibrium remains a loosely collapsed globule. Next, we investigate a helical polymer
that is fully ordered in similar fashion to a 3-sheet.
11.3.1 Random Self-Associating Homopolymer
Our first example is a self-associating polymer that is unconstrained and is a slightly-
collapsed globule in equilibrium. We must identify the four parameters present in
this model (O(n), #M, fT, and p2a), either from simulation or theory. The first two
values we obtain from simulation; #m is based on the fraction of bonds along the
chain that are associative, and is a strong function of AEO (shown in 11-2). Since
this parameter tends to be dependent on simulation conditions, we will not focus on
it as it simply imparts a proportionality constant to the theory. Q(n) is much less
trivial, since it involves determining the shortest path through a statistical network
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Figure 11-2: Fraction of monomers undergoing binding associations (#, black points)
as a function of AEo for a N = 50 chain. Due to exclusivity constraints and spatial
correlation effects, the fraction # is below what would be expected for a simple 2-state
(bound-unbound) system (given by the purple, solid line, 4o = (1 + eA)-l).
and subsequently finding the next shortest path. We find from simulations that the
form of this distribution is roughly independent of the overall value of M at small
deformations, and follows a double-exponential decay:
Q(n) ~ le-/'I + Q 2 e n/12 (11.21)
where Qi and wi are constants fit to simulation data (see 11-3).
The values for fT and p2, are calculated directly from theory, with the assumption
that the shortest chain at any given moment behaves essentially as an ideal freely-
jointed chain. For the freely-jointed chain, the relationship between the tensile force
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Figure 11-3: The simulation-calculated form for the distribution £2(n) as a function
of n for a N = 200 bead chain at AEo = 0.0 and AEo = -2.0 around equilibrium at
L = 40 (small deformations). These distributions hold for small extensions, but at
longer extensions this value will be expected to likewise evolve with the state of the
system. At this limiting case, these distributions take the form of a double-exponential
decay given by equation 11.21, which is shown by the solid fit lines (simulation data
is given by points). The only point where this fit is insufficient is for n = 0, however
in the the theory developed in this paper, associated terms are zero.
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for an M-unit chain held and its length L is:
L 1
- 12(2IT) = coth (2fr) - (11.22)
2M 2fr2 T
where L(x) is the Langevin function.[41] This is a standard result, however it is
not trivial to define an inverse Langevin function such that the force can be easily
calculated from the extension length. For theoretical purposes, therefore, we utilize
the ubiquitous "FENE" chain extension behavior that provides a remarkably accurate
approximation of the freely-jointed chain result at all extensions:[41]
2M [i - (L)2] (11.23)
The use of this theory implies that the load-bearing aspect of the polymer chain is
the shortest chain, and that this chain can be considered as a freely-jointed chain
(eg. no excluded volume or short range chain correlations). While neither of these is
rigorously true, especially the assumption of no excluded volume, these assumptions
work best at high elongations where this parameter has the largest effect on the overall
theory and are the most inaccurate at low elongations where the general theory is
much less sensitive to the effect of these assumptions. We will find that our results
are very accurate regardless of these assumptions.
The value for p2, is likewise approximated by the values expected for a freely
jointed chain. The condition for two chain units existing within a distance of ca. 2a
from each other is given by the loop probability pip(n)that can be calculated from
the traditional Gaussian end-to-end distance behavior for monomers a distance of n
units apart along a chain contour:
( 3 3/2 2a _3r2
poj,(n) = I dr4wr e 8na=(8irna2 o ~-
3/2 167xn -n 3 )3/2 16t 27 +815x_7n erf - 6e-36-- 1.24)88n 9 28xn 9 5n 28n2
where the last approximation considers the limit of large n.[41] In the presence of a
stretching force, there is a decrease in this looping probability that is given by:
p (n)e L r..fT \n
P2a (n) = "(o ~ pooP(n)e \ a)f (11.25)
(1 -poop) + ploo(n)e' 5m)
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The last approximation relies on the assumption that pop, << 1, which is typically the
case. We can use the FENE equation described above to provide a value for afT/aM:
-/ 
-2(L34IM2afT + +4LM) (11.26)
aM (L2-4M2) 2
which satisfies the appropriate limits of fTIM -+ 0 for M >> L and OfTIM -- -oo
as M -+.L/2.
With the specification of #m, f2(n), fT, and P2a, the entire model has been param-
eterized for a randomly self-associating homopolymer. We compare these theoretical
predictions to simulation data in the upcoming results system.
11.3.2 Helical Self-Associating Polymer
The other case that we examine is a self-associating helical polymer. In this case,
the organized conformation of the polymer renders it more straightforward to analyze
upon considering each parameter. We begin by considering a single pulling relaxation
mode that represents the primary mode in the vicinity of the sticking transition, and
will later observe the presence of second one that becomes important at high pulling
rates beyond the original transition. This first pulling relaxation mode is demon-
strated in 11-4, and occurs only at the ends of the helix where it meets the tethering
portions of the molecule. We can calculate the relevant Q(n) for this geometry, since
it just calculates the probability that there would be a run of n molecules between
the just-unbound molecule and the next bound molecule around the helix. If we have
a probability of a given bead at the edge of the helix being bound to the helix, #',
then we can calculate:
2 (1i-#')"-1= 2Q(n) = =1 -1 # '(1i - ')n1 (11.27)#uM E7 (1 - #')-1 #MM
where the factor 2/(#mM) accounts for the localization of the deformation at the
helix boundary. Much like the previous example, the tensile force fT and P2a are both
also theoretically accessible. The tensile force is similarly based on the idea that there
is a portion of the chain that follows freely-jointed chain behavior, however in this
case we consider only the tethering chains in this calculation since the helix does not
contribute significantly to this parameter. If the helix has a circumference of C beads,
and has Mhelix beads in the helix, then there are two tethered chains of (N - Mhelix)/2
beads each with an extension length of L/2 - MhelixIC. The force along the tether is
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Figure 11-4: We schematically represent the physical scenario of the initial mode
responsible for the "sticking" transition for a helical self-associating polymer. At the
interface of the main helix (represented as a two-dimensional surface interconnected
by bonds shown as black lines) with its tether point, there is a tensile force that acts
upon the first bead along the chain bound to the helix. This tethering chain increases
in length with a frequency iD. and decreases in length with a frequency i_. For the
increase in the tether length (an increase in the value of M), the necessary step is the
unbinding of the initial bound bead. This opens up a sequence of n beads until the
next bound bead (in this case, n = 3 for the next unbinding event). For the rebinding
event resulting in a decrease of M, the crucial parameter is the probability of the bead
directly preceding the initial bound bead away from the helix getting close enough to
the helix to rebind. We use a simplified model that considers a force-biased two-state
potential that prevents the bead from remaining near the helix due to the tensile
forces. We schematically and graphically represent this potential, with the relevant
bead able to explore an angular region between 01 and 03. If the bead is at an angle 0
between 01 and 02, then there is a possibility to rebind to the helix. The height of the
two-step potential, given by the green curve, grows smaller with decreasing tensile
force fT.
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then calculated in the same fashion as the case for a random self-associating polymer,
only now just a single tether must be included in the calculation:
fT M ))2] (11.28)
At small deformations, we can treat the helix as an infinite reservoir of beads, with
the shortest chain M' = (N - Mheli2)/ 2 now described more accurately by a single
tether that is moving at a new velocity of '= ij/2 where the extension length is given
by / = L/2 - Mhelix/C. The force on that tether now becomes:
fT; [2 (11.29)
2M' 1 - )2]
where the change of variables retains the conceptual ideas presented in the general
theory, but now accounts for the most relevant aspects of the geometry (i.e. focuses
solely on the tethers connected to the helix). Likewise, the interface between the
helix and the tether is the most important aspect for the parameter p2a. We consider
the geometry shown in 11-4, which shows that we exclusively consider the probability
that the rebinding behavior only occurs for the bead that is next to the last bead in
the helical portion of the chain (n = 1 case). Without a tether force, the bead can
exist anywhere along the direction sweeping out the plane bordered by the helix as
shown in 11-4. In this figure we define three angles measured normal to the helix
direction as indicated. 01 is the angle that is flush with the helix edge, which we take
to be 7r/2. 02 is the angle where the bead is within the reaction distance of the helix
edge, which we calculate to be ca. 02 = 0.05. 03 is the angle where the bead can no
longer explore away from the helix edge due to the presence of the previous bead,
which we calculate to be 03 = -7r/6. Only a certain proportion (01 - 02)/(61 - 03) (see
11-4) is in a state where rebinding can occur, and we can subsequently develop an
approximate partition function to describe the probability of existing in this area.
There is a potential of mean force associated with the tensile force of the chain, given
by:
Uf = 2fT sinO'dO' = -2fT cos 0 (11.30)
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The resulting probability of being within reaction range of the helix edge is given by:
fO 2e2fTcos o'd9' 2
= (11.31)foa 0 e-2j c o'dW' M(1 -<pM)2
where the beads can react within the area swept out between angles 01 and 02, while
the entire area that is possible for the bead to explore is the area between angles
01 and 03. These integrals cannot be solved analytically, so we make a three state
approximation. This approximation rests on the idea that the region of interest where
binding is possible is small compared to the remainder of the phase space through
which the bead resides. We rewrite the potential UfT,1 as a step function:
UfT,1 = E(1 - 0) (11.32)
where @(x) is the traditional Heaviside function that is E(x) = 1 for x > 0 and
e(x) = 0 otherwise. This potential is normalized such that ff/ Ugd9 = f[ UfT,1d9.
We can, using this approximation, write the probability P2, as:
|01 -021p2a = 10, - 11 + 11 - 03Ie2fT (11.33)
which contains the appropriate limits of P2a -+ 0 as fT -- oo and P2a -+ 101 - 021/101 - 931
as fT -, 0.
We can again numerically calculate the behavior of the pulling of a single polymer
chain at small extensions near the sticking transition. At very high pulling speeds,
other extension modes arise, where the helix itself breaks apart. This effectively
increases the number of "tethers" to look at along the chain, and is another route to
lower dissipation. We point this qualitative observation out in the upcoming results
section, but leave quantitative analysis of this regime to later work.
11.4 Results and Discussion
To verify the accuracy of our theory, we use the simulations as outlined in the above
Simulations and Methods section to probe the force-extension behavior of the poly-
mers as a function of the reaction landscape as determined by AEUB and AEB, and
ultimately by initial chain topology. We consider first the random coil as a test of
our theories, and will later consider the helical case in an abbreviated fashion. Many
of the characteristics of these chains will be shared by both topologies, in particular
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there is a universal conceptual picture that arises in the behavior driving the primary
competition in these pulling experiments.
11.4.1 Random Self-Associating Coil
The force extension behavior over single trajectories are shown in 11-5a. A number
of different barrier heights are shown (different AEUB but same AEo), which has
been shown to directly correspond to the polymer relaxation time at large barriers.
The pulling speed is kept constant at b = 0.05, and three different trajectories are
shown for each condition. We emphasize the presence of a clear transition upon
increasing the height of the barrier EUB; at low barrier heights, the polymer extends
in such a way that it essentially follows the freely jointed chain model plus the typical
hydrodynamic force, while at high barriers the polymer extends with a characteristic
sawtooth pattern. The rise of this sawtooth pattern represents a drastic increase in
the dissipation upon pulling single polymers, and is often experimentally observed in
the force spectroscopy of biological molecules. Conceptually, this transition occurs
when the unbinding time of a single associated monomer pair becomes much longer
than the time scales associated with pulling, a competition that is described by the
scaling law that comes out of the general master equation:
16 ~ Floe " (11.34)
This relationship is verified by directly calculating the dissipative properties of these
force-extension curves for a number of different values of f) and AEUB. The dissipated
work of a force-extension curve is calculated from the area between the real force-
extension curve and a baseline curve representing the same chain pulled at the same
velocity without the source of dissipation we wish to probe (in our case, we are most
concerned with the slow binding dynamics so we can make these dynamics extremely
fast to get our baseline curve). Dissipated work WD is calculated by the equation:
WD J dL(fT - T,ref) (11-35)
where fT,,ef is the force-extension curve of the reference at the limit of zero dissipation.
We graphically show this in 11-6a for f) = 0.05 and AEUB = 13, and subsequently plot
the value of (ED)T (averaged over 50 trajectories) as a function of pulling speeds &
for a number of different energy barriers AEUB. Verification of our scaling law occurs
upon the rescaling of the pulling velocity axis by the unbinding attempt frequency
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Figure 11-5: Typical trajectories for a single chain being pulled at i = 0.05 for N = 200
and AE 0 = -2.0. The unbinding energies are given by AEUB = 11.0 (a), AEU = 12.0
(b), and AEUB = 13.0 (c). There is an appearance of the characteristic sawtooth pat-
tern at larger unbinding energies, highlighting the presence of the "sticking" transition
for this system. Blue curves represent averaged trajectories at the limit of AEUB -- 0.
(d) 50 traces (such as those shown in (a)) are averaged to show a trajectory-averaged
increase in dissipation with the increase in AEUB. At low extensions, this manifests
itself as Hookean behavior that increases in rigidity with an increase in unbinding
energy.
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Figure 11-6: (a) The area between a force-extension trace of a high-barrier associating
polymer (AEUB = 13.0, N = 200, i) = 0.05) and the trajectory-averaged trace in the
limit of small association barriers (AEUB = 10.0, N = 200, 0 = 0.05; area shaded in red)
gives the excess energy dissipated due to the presence of bonds with finite time scales.
There is an additional contribution due to the collapsed state of the polymer, which is
given by the difference between the trajectory-averaged trace and the orange Freely-
Jointed Chain theoretical result (FJC, orange curve). (b) Averaging the trajectory
over the course of 50 runs provides the average amount of work dissipated (WD)
through a pulling cycle for a given value of AEUB. A plot of (WD) versus AEUB
is shown (inset) for three different pulling velocities i) = 0.01,0.05, and 0.10. When
the energies are rescaled by AEUB + In (100D) (the factor of 100 is so that results at
f) = 0.01 remain unshifted), shown in the main graph, the results all fall along the
same curve. This is predicted by the scaling relationship in equation 11.34.
iOeAEUB in 11-6b. All of the curves at different barriers collapse onto a single universal
curve, verifying the validity of the scaling behavior. The most important aspect of
this result is that it strongly narrows the parameter space we need to explore, since
it demonstrates that changing the energy barrier AEUB can be directly related to a
change in pulling speed f and vice-versa.
In the previous result we averaged over a large number of trajectories (50) to
obtain averaged values of dissipation, and we can do this for force-extension plots as
well. Figure 11-5b shows trajectory-averaged tension forces (fT)T as a function of
extension L for 0 = 0.05 and a number of barriers AEUB. While the trajectory aver-
aging smoothes the sawtooth patterns, the resulting curves now show a well-behaved
increase in force-extension plateau that is more comfortable to analyze with theory.
We will show later that it is possible to reexamine these results with a stochastic
model that reclaims this original pattern, but here we must obtain suitable amounts
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Figure 11-7: "Cloud" plots from simulation (a) and theory (b) representing the evolu-
tion of the distribution of the shortest chain length M as a function of chain extension
L for pulling velocity 0~ = 0.05 and N = 200 for a number of different barrier heights
for unbinding AEUB. As the barrier is increased, the distribution remains much
more closely towards the maximum-length constraint (MLC, solid orange line), and
small fluctuations in the shortest chain length M manifest themselves as sawtooth
patterns in force-extension plots. The theoretical results in (b) are shown in the low-
extension region that corresponds to the purple boxed region in part (a) where the
near-equilibrium distribution of 0(n) is applicable. Qualitative and near-quantitative
matching is obtained at this low-extension limit.
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of statistics to truly provide an adequate description of the system. Nonetheless, the
same sticking transition that is seen in the non-averaged situations is still seen here,
only it manifests itself as a smoothly-increased dissipation above a critical barrier
height (below this, all curves follow essentially the same trace).
To begin to analyze the behavior of these curves, we translate their behavior to
a more informative coordinate of the "shortest chain length" M. Analysis of this
variable is particularly important, since it represents the primary coordinate in the
general theory outlined above. We begin by considering the correspondence between
M versus extension (L) in a "cloud" plot, and the (fT) versus Li curves, which is
outlined in 11-7. The cloud plot representation plots simulation values of M at a
given extension L, and reproduces the distribution of M (with large probabilities
given by a high density of points) as the polymer is extended. Here, we plot the
same four barrier conditions on both simulation ( 11-7a) and theoretical ( 11-7b)
plots, with equivalent colors. We see that the transition from a freely-jointed-like
extension to a highly-dissipating extension that was clear in the force-extension curves
is also quite apparent in the M versus L plots, and manifests itself as a shift in the
distribution of the shortest chain towards the line governed by the equation L = 2M
at quick pulling speeds. This represents the limiting extension of the chain (the
finite extension constraint), and thus approaching this line imparts large tensile forces
to the chain. This matches well, conceptually, with the picture seen in the force-
extension plots; the curves that show a great deal of dissipation and demonstrate the
characteristic sawtooth patterns tend to have shortest-chain distributions that are in
the neighborhood of the finite extension line. This can be seen in pictures of the
simulation as well. 11-8 provides snapshots from simulations of randomly-associating
homopolymers for both the high barrier and low barrier cases. For each snapshot,
the full chain is shown immediately adjacent to the same chain with the tensile forces
colored in red (high forces), yellow (medium forces), and invisible (very small forces)
to emphasize the differences and the role of the shortest chain in determining the
force characteristics. This becomes quite obvious at high barriers, where the tensile
force is large and the force colorations clearly trace the route of the shortest chain
through the globule. We include movies that directly correspond to these figures in
the supplementary material.
We can directly compare the behavior of the simulation M versus L results shown
in 11-7a to numerical integration of the differential equation from the general theory.
This is possible since the evolution equation defines the entire probability distribution
function of the polymer in terms of M, making it possible to randomly assign points
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Figure 11-8: Snapshots of the force-extension behavior of a N = 200, f) = 0.5, A5 0
polymer with unbinding barriers of AEUB = 11.0 and AEUB = 13.0. The images on
the left sequences and right sequences (right sequence only shown for AEUB = 13.0 -
analogous images for AEUB = 11.0 are not visible and thus not shown) correspond to
the same time points, however the sequences on the right colors the bonds (including
associations) based on the strength of the tensile force along that bond (shown in the
legend). If the tensile force is negligible, the bond is not shown. The left sequences
show all bonds, with orange bonds being along the chain and purple bonds represent-
ing self-associations. At high forces, which are present for AEUB = 13.0 where the
unbinding barrier is large, the highlighting of the tensile forces reveals the shortest
chain through the globule.
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Figure 11-9: The probability distribution function of the state of a randomly associat-
ing polymer as it is elongated over time, measured with respect to the coordinate M.
(a) For a polymer that associates with a low binding energy (quick reorganization),
the polymer quickly settles at the equilibrium distribution and at each time-local con-
dition the distribution remains very close to the fully relaxed condition that shifts well
ahead of the finite-extension constraint. We indicate this constraint at each extension
length L with an appropriately colored arrow. Since the distribution is a substantial
distance away from this constraint, the dissipation (force plateau) due to binding as-
sociations is negligible. (b) A contrasting case, where the polymer associations occur
on a long time scale. The distribution now remains static compared to the time scale
of pulling, and the advancing finite-extension constraint (again represented with the
appropriate arrows) quickly overtakes the distribution. The constraint subsequently
"forces" the distribution to advance, but now the distribution has finite values close
to the constraint front where forces diverge. This divergance of forces near this con-
straint results in the characteristic sawtooth patterns, and likewise the large level of
dissipation seen in the force-extension plots. Both (a) and (b) describe the same type
of data represented in the "cloud" plots in 11-7, only re-represented as slices.
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Figure 11-10: The initial portion of the force-extension curve given originally in 2-4b
(a), relevant region boxed in purple, can be reproduced from the theoretical prediction
of the force-extension curve for a randomly associating polymer with N = 200, 6 =
0.05, and AE = 2.0 (b). A number of barrier heights AEUB are shown, with the
same colors corresponding to the same conditions. Oscillation behavior in (b) is a
numerical artifact due to the divergence of force near the maximum length constraint.
in accordance with this function to recreate the cloud representation in 11-7b. This
is done at small extensions (where we can assume that Q(n) is roughly constant) for
the same conditions as in 11-7a (represented by the same colors). There is clearly
striking qualitative matching between the two plots in this limit, and this matching
appears to be quantitative in terms of how energy barriers correspond to the various
curves.
Conceptually, this picture is more clear upon the investigation of these distribu-
tions as they progress through time on a probability p(M) versus M plot like the
ones shown in 11-9. One of the graphs demonstrates the evolution of these distribu-
tions at a low barrier (11-9a), the next at a high barrier (11-9b). The two crucial
features to notice are the advancing edge on the right side of the distribution and
the trailing edge on the left side of the distribution. The former shows a difference
in the "speed" of the distribution as the molecule is extended. To prevent a large
amount of tensile force, this distribution must move as fast as (or faster) than the
extension of the molecule. It turns out that the distribution movement for a quick-
binding molecule is observably faster, at least initially, due to the increased length of
the "shortest chain" resulting in more options for unbinding. The slow-binding (high
barrier) molecule alternatively demonstrates slow movement when compared with the
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motion of the chain extension, which is apparent in the leading edge of the distribu-
tion. The trailing end for this case, however, is "pushed" by the chain extension due
to the finite extension constraint. In the low barrier situation, the molecule can relax
away from this boundary condition in a rapid manner.
The calculation of this distribution enables the calculation of the averaged force-
extension curve for the randomly associating polymer. These are shown in 11-10 for
a number of different barrier heights AEUB. These curves demonstrate qualitative
matching to the curves shown in 11-5b at the small-extension limit, and we have col-
ored them appropriately. At higher extensions 1L, the value of Q(n) begins to evolve
significantly away from the equilibrium value, and the force-extension behavior no
longer provides a prediction of the features of the curve at large extensions. Fur-
thermore, at high forces, the maximum length constraint becomes important as large
portions of the distribution IFM are very near to this value. The divergence of force
at this constraint results in oscillatory artifacts that are not observed in simulation
due to the representation of bonds as finite-K springs. Regardless, the major features
of the small-L force extension plots are accurately reproduced.
As outlined in the general theory, it is possible to use the evolution of these
distributions as the basis for a stochastic recreation of typical non-averaged trajecto-
ries for the various conditions. 11-11 shows an example of these, and demonstrates
that there is great qualitative matching between the reconstituted trajectories from
theory and the simulated trajectories shown in 11-5a for identical conditions. The
correspondence between these two curves importantly demonstrates that the general
theory outlined above fully recreates the behaviors seen in simulation, which likewise
corresponds qualitatively well with experimental observations of similar molecules.
11.4.2 Self-Associating Helices
Alternatively to the case of the random associating polymer, we consider a helical
structure as well upon the inclusion of the potential UHELIX as described in the
simulation methods. We also increase the L-J potential to a value of ft = 1.41 to
ensure a helical structure is maintained in equilibrium. This does not have drastic
effects on the results, since it is not large enough to induce "crystallization" of the
system which would likely overwhelm the dynamic effects seen here. For our case, we
use a circumference of 20 beads for our helix, however in principle it is possible to
use any number of beads in this representation since this would only affect secondary
modes of extension deformation.
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Figure 11-11: With a full distribution along the M coordinate calculatable, it is pos-
sible to stochastically step through the pulling process numerically using a random
number generator. We demonstrate the results of such calculations on a force versus
extension plot for a number of different conditions for a random associating poly-
mer, with varying unbinding energies. We recreate the existence of the characteristic
sawtooth pattern entirely from theory, using the scheme described in the theoretical
section to provide qualitative matching to the observed simulation results.
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Figure 11-12: Typical trajectories for a single helix chain being pulled at 1~ = 0.05
for N = 200 and AE 0 = -2.0. The unbinding energies are given by AEUB = 10.0 (a),
AEUB = 11.0 (b), and AEUB = 12.0 (c). The is an appearance of the characteris-
tic sawtooth pattern at larger unbinding energies, highlighting the presence of the
"sticking" transition for this system. (d) 50 traces (such as those shown in (a)) are
averaged to show a trajectory-averaged increase in dissipation with the increase in
AEUB.
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In direct comparison with the force-extension curves for the random associating
polymer, we plot both individual and trajectory-averaged curves in 11-12a and b.
Immediately it is apparent that different behavior is observed in this more ordered
case. There is still a drastic transition between the non-sawtooth and sawtooth
behaviors, however this characteristic sawtooth behavior has a much more immediate
effect upon pulling. This is best seen in the trajectory-averaged curves, which show a
large and immediate force plateau upon extension. The plateau beyond this point is
essentially flat and behaves as it would for a small binding barrier situation (with an
additional slope due to the hydrodynamic dissipation). Due to the lack of extension
pathways or breaking modes that scale with M, this behavior subsists for almost the
entire extension process. This changes at extremely high barriers, due to an increased
tensile force on the helix itself. Discrete helix-breaking events begin to occur, which
essentially increase the number of extension pathways from 2 to 4 originally, and
add on 2 more for each breaking event. This is apparent from visual inspection of
the extension simulations (see 11-13), and manifests itself at high forces as a rapid
decrease in force required to maintain a given velocity of deformation (see 11-12b).
This breaking mode happens well after the the initial sawtooth transition, so the
original theory still captures the physics during the transition, but the additional
consideration of this mode would be necessary to extend the specific theory to higher
force regimes.
Theory likewise can explain these behaviors, in the same fashion as for the ran-
dom associating polymer. In 11-14 we plot the force-extension behavior of a helical
molecule observed in theory for the same conditions as are shown in 11-13b. These
behaviors match qualitatively and both are distinctly different from the random asso-
ciating polymer case. This indicates that by the appropriate change in the theoretical
setup, we correctly account for the observed differences in the force extension behav-
iors between different topologies.
11.5 Conclusions
In this chapter we have presented a general theory to describe the pulling behavior of
single self-associating polymer chains using a Master Equation approach. The result-
ing equations can be numerically solved to reproduce most of the essential features
associated with the pulling trajectories, including the appearance of the characteristic
"sawtooth" patterns ubiquitous in biological polymers. The results from this describe
the essential physics underlying a transition from freely-jointed chain behavior to a
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Figure 11-13: Snapshots of the force-extension behavior of a N = 200, i~ = 0.5, A5 0
helical polymer with unbinding barriers of AEUB = 10.0 and AEUB = 13.0. The images
on the left sequences and right sequences correspond to the same time points, however
the sequences on the right colors the bonds (including associations) based on the
strength of the tensile force along that bond (shown in the legend). If the tensile force
is negligible, the bond is not shown. The left sequences show all bonds, with orange
bonds being along the chain and purple bonds representing self-associations. Due to
imperfect fitting of the bonds around the helix potential, there is a circumferential
tension that is an artifact of the simulation that reveals the helix in this representation,
however incremental tension forces are clearly seen. At small barriers and low forces,
the helix pulls apart at the tether points, while at high forces where the unbinding
barrier is large there are helix-breaking extension modes.
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Figure 11-14: The initial portion of the force-extension curve given originally in
11-12b (a), relevant region boxed in purple, can be reproduced from the theoretical
prediction of the force-extension curve for a helical associating polymer with N = 200,
'D = 0.05, and A5 0 = 2.0 (b). A number of barrier heights AEUB are shown, with the
same colors corresponding to the same conditions. Oscillation behavior in (b) is a
numerical artifact due to the divergence of force near the maximum length constraint.
highly dissipative sawtooth behavior; there is a competition between the time scale
of the extension rate and the time scale of the self-associations along the chain. The
precise form of this behavior is governed by both spatial correlations (the probabil-
ity of rebinding along the crucial "shortest chain" coordinate) and the topological
correlations (the "next shortest chain" probability distribution).
These effects for the different cases investigated here (random coil and helix ge-
ometries) represent contrasting scenarios, with the randomly associating polymer ex-
hibiting disordered behavior where entropic, statistical effects (such as contributions
due to shortest-chain reorganization and Q(n)) play a major role in determining the
initial modulus of the polymer. Alternatively, the helical case is an ordered system
where the initial modulus is set by the nature of the helical portion and the two
points where the tether meets the helix, and the statistics of bonding become crucial
(<m). We consider these two cases to represent extremes whose physics govern the
fundamental "building blocks" of many biological materials,[42] with the helix struc-
ture being analogous to 3-sheets and a-helices and the randomly associating polymer
representing relatively disordered protein segments. The distillation of these physical
phenomena may provide clues as to how one may develop synthetic materials that
possess the same level of "tunability" that biological molecules demonstrate through
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molecular design principles that take into account binding kinetics and topology of
single homopolymers. The possibility of using these different cases as "components"
in larger molecular systems may enable the creation of facile but novel heirarchical
structures for advanced materials, an idea we explore in the next chapter.
11.6 A Note on the "Omega" Term for Randomly
Associating Polymers
Since the initial submission of the manuscript from which this chapter is adapted, a
simple theory has been developed to describe the next-longest chain distribution Q for
a randomly associating polymer. While we will not provide an overly-rigorous deriva-
tion, the following discussion may provide clues as to how to describe the appropriate
distribution in a more complete fashion.
To begin, we desire the equilibrium distribution p(M, N) for the shortest chain
itself (within a globule of N monomers). A simple statistical mechanical model can
be developed that gives a rough estimate of this distribution. Since we are in a
globule that has no entropic or energetic cost associated with connectivity (except
for right next to the surface), we assume that we can use a microcanonical ensemble.
We describe the number of possible microstates available W to a shortest chain of M
monomers by assigning the remaining N - M monomers to branches away from each
of the shortest-chain monomers (of the fraction f that are bound). This is possible
because the maximum connectivity for our model is 3, meaning that each monomer
along the shortest chain can have only a single branch:
wo(M, N) = (2Mf)N-M (1136)
This simple form does not include any constraints due to ambiguities regarding loop-
ing i.e. if a loop is formed, it may be indistinguishable to which shortest chain bead
the decorating bead belongs (this would lower the number of conformations for chains
with small M). There is also no accounting of the geometry of the globule, since some
conformations may not lend themselves to the expected globular conformation. We
assume that these contributions are relatively small, and incorporate a mixing entropy
to describe the combinitoric degeneracy Qf of the fraction of bound beads:
In tot = In o x Qf = (N - M)In (2Mf) - M[f n f + (1- f)ln (1 - f)]=5tot (11.37)
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The probability distribution follows from this entropy:
es
p(M, N) = N eS(MN) (11.38)
Lo dMeSMN
Conveniently, the form of this probability distribution can be approximated by a
Gaussian distribution:
p(M, N) - Ae-(M-M*)/o (11.39)
where A = fN dMp(M, n) is the normalization factor and M* is the maximum value of
M determined by maximizing Qtot with respect to M. To determine the next shortest
chain, it is necessary to determine the conditional probability that the next shortest
chain is Mo +n given Mo. We use the same distribution just derived p(M, N), only we
are now solely interested in the region M > Mo. If we were to divide the distribution
into units of AM, the probability that n/AM is an integer that represents the value
n above Mo is:
n/AM
p(M + n, N; Mo) = (p(M + n)) x (1 - p(M + iAM)) (11.40)
In the continuous limit, this is given by:
f "in (1-p(M',N)) - f*" p(M',N) -(1- A)
p(M+n,N;Mo) __ ~fM7 dM'p(M', N) A"\r(1+ erf (M-M* A "2.P + M-M*
(11.41)
This derivation provides a justification for an exponential decay in the value of Q(n),
since Q(n) = p(M + n, N; MO). A more suitable form is needed to completely describe
the double exponential, however conceptually we hypothesize that there is an under-
lying time-averaging assumption that may not hold in this case. Time correlation
effects may be predominant - the existence at a given Mo may have been directly
followed from a longer chain M_ 1 > Mo, and there is a network memory that may
bias the next shortest chain to a M + n that represents that previous network. If
n is small, that memory may be stronger due to the lower likelihood that an unre-
lated chain would form a new next-shortest chain. This may lead to an increased
probability for short n that decreases more rapidly than for the decay related to the
time-averaged effect outlined above, which is what is observed.
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Chapter 12
Self-Associating Polymers in
Elongational Flow
12.1 Introduction
In the previous chapter we introduced the use of the master equation as a way to
describe the evolution of a single chain as it was pulled at constant velocity, and from
this were able to provide a statistical mechanical description of the transition from
freely-jointed chain behavior to highly-dissipative sawtooth patterns typical in bio-
logical systems. While we have exclusively dealt with chains at a constant extension
rate, similar principles should describe the case of an applied force. In this chapter,
we describe the early stages of a description of such a situation: the application of an
elongational flow on a collapsed, self-associating polymer. As shown in Chapters 3-5,
elongational flow is critical in understanding how the protein von Willebrand Factor
is manipulated in the bloodstream, and by incorporating self-associations into this
picture we are allowing for the possibility of long-lived binding states in the chain
to understand how they alter extension dynamics. This would have ramifications on
the nature of the flow field necessary to induce thrombosis, since such fields are likely
transient.
Conveniently, many of the same principles developed in Chapters 3, 5, and 11 are
applicable in the case of a self-associating polymer in an elongational flow, and we
expect that this synthesizes these concepts in a fashion that demonstrates how these
ideas may be used in even more complicated scenarios.
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12.2 Simulation and Methods
While the major aspects of the simulations here remain largely unchanged from the
remainder of the papers in this section, we must elaborate on our application of the
flow field and how it relates to the dynamic nature of this simulation. As learned in
Chapters 3 and 5, the globule-stretch transition is essentially irreversible so long as the
chain is fully collapsed initially. This hysteresis implies that the precise location of the
globule-stretch transition is a function of the length of time that a given elongation
rate is tested. This is not an unfamiliar concept in mechanics, since deformation
is often a function not just on the stress applied, but on the rate that it is applied
(e.g. ductile-brittle transitions). While for elastic materials this corresponds to strain
versus strain rate, in our case in a viscous fluid this corresponds to elongation rate
and the ramping rate of the elongation rate. Therefore, we use a temporally varying
elongation rate E that is "ramped" at a rate m defined by:
m = alogE (12.1)
at
This mean that e changes in time exponentially:
Z = ox e" (12.2)
We show, as we might expect, that changing the ramping speed can have profound
effects on the critical elongational rate C* of the globule-stretch transition due to
the ability of the polymer to "respond" to this particular rate of stretching. This
particular elongational rate profile is shown in Figure 12-1.
12.3 Theory of Self-Associating Polymers in Elon-
gational Flow
We are interested in understanding the stretching dynamics of a polymer over an
energy landscape that is both dynamically changing yet nonetheless well-defined;
much of the same ideas present in previous chapters will contribute to our development
of this theory. For a polymer to be stretched, two energetic barrier types must be
considered: the initial nucleation protrusion barrier, and the association unbinding
barrier. The latter is straightforward, since we have explicitly defined this value in
our model (AFUB). The nucleation-protrusion barrier, however, requires we use the
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Figure 12-1: The elongational flow rate E in the simulations for this chapter is in-
creased exponentially through a parameter m as shown in this plot.
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scaling relationships determined in Chapters 3 and 5. The energy landscape Uto, for
the initial protrusion is given by two contributions, a flow-based contribution Uf and
a cohesion-based contribution Uc. The flow contribution is:
Uf~ - - (12.3)4R
where f ~ N 1 13 is the globule radius and I is the length of the protrusion. The
cohesion contribution is:
Uc ~ (-Aii) 2 /2 (12.4)
The maximum energy Utotm. can be determined to be at I~ f(-i)R/a, which yields
the result for the overall nucleation-protrusion barrier:
Utot,ma ~ ~R (12.5)
we note that for a collapsed polymer Aii < 0, so the barrier is always positive.
The height of this barrier factors into the master equation approach through
an assumed geometry of the pulling process. It is shown in Chapter 3 that the
nucleation protrusion process is the most relevant mechanism (by far) for extension
via elongation flow, so the master equation approach in this case will reflect that. We
show the conceptual picture in Figure 12-2, which demonstrates how the geometry
couples to the energy landscape. We divide up the extending globule into two different
portions; a protrusion portion of length 1 and a globule of radius R. The fluid force
is considered to act solely on the protrusion, and we can characterize the extent of
pulling based on the evolution of i. As I evolves, the globule likewise changes. The
globule therefore serves as a "reservoir" from which extra length I can be coaxed.
Likewise, the protrusion length I can be shortened based on rebinding effects that
occur when the chain refolds upon itself.
We write the fundamental master equation:
- 27F = E V-1+3 + E V%-7 Tj - EZVij IFi (12.6)
at ~j<i j>i j*i
where we once again use the notation used in Chapter 11, except that Ti is the
distribution of chain lengths of the protruding chain (in terms numbers of monomers).
The difference in this particular case is that we constrain the jump from To to only I91,
and will be represented uniquely by a "jump" associated with the barrier to protrusion
formation derived above. This difference will thus be in how the coefficients vij are
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pUtot,ma AE UB
Figure 12-2: Schematic of the conceptual picture describing the energy landscape (U
versus I through which an extending polymer in the presence of an elongational flow
field evolves. Initially, the barrier preventing a globule-stretch behavior is given by
the interplay between the cohesive energy and the drag forces. This barrier Utot,..
is given by equation 12.5. Subsequent barriers are indicated in purple and represent
the association-induced constraints that must be overcome to stretch the molecule.
Pictures associated with the landscape show geometrically the pathway through which
the molecule passes to go from a globule to a stretched state.
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defined rather than the overall form of the equation.
To derive the values for vij, we consider the possible mechanisms for v (extension)
and v (protrusion shortening). For the former, we use an equation similar to the
one derived in Chapter 11 (for I> 0):
v (M, 1) = VO#MMQ(i - j)e(AEUB-hf (12.7)
where we must be careful to define the values with respect to either the globule
portion or the chain portion. The value M comes from the "shortest path through
the globule" in the Chapter 11 theory, however in this case it is not clear that it is this
constraint that prevents stretching. This term, multiplied by the binding fraction #M
represents the number of binders that could be released and result in the extension of
the protrusion. We take a simplified approach here, and say that only the constraint
where the protrusion meets the globule edge is relevant (so #MM = 1.0). The next-
shortest chain distribution Q(i - j) has been determined theoretically for a globule
RAP during pulling, but again in this case it is unclear that such a distribution is
relevant. We instead assume that, similar to the case of a helical polymer, this is a
geometric distribution where the we are concerned in the probability of finding the
next bound bead:
O(i - j) = Q(n) = k(1 - #)"n1 (12.8)
where # is the probability that a given bead is bound. The force on the bond is the
accumulated force on the protruding chain:
f = f 'di' = -2 (12.9)
Therefore, our final result for chain extension is:
v3(l) = vo#(1 - #)i-1e~(AEUB-r1) (12.10)
The only exception to this is associated with the elements vio, which are associated
with the nucleation-protrusion barrier instead. Here we use a similar equation, only
now the barrier is given by the result in equation 12.5, Q (i - j) is set to be 1, and the
force on the bound bead is f = 0:
Vio(l= 0) = voe- (i - 1) (12.11)
For protrusion shortening, we consider a simplified mechanism where beads are
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"taken up" by the globule from the protrusion. Since the protrusion is, in most cases,
highly stretched, we assume that this occurs only one bead at a time. There is a
fraction of time, 4', that the bead can bind to the globule, which represents both
the probability that the bead is close to a globule bead and the probability that the
globule bead is not already bound. We do not explicitly calculate this fraction, but
set it to be somewhat small #' ~ 0.1. The barrier for rebinding is the binding barrier
plus the mechanical force-distance energy required to "reel in" part of the protrusion.
We ultimately end up with the following relationship:
vzj(I) = vo#'e(6(j - i - 1) (12.12)
where the 6-function restricts motion to between adjacent monomers.
While these inputs into the master equation are not extremely complicated, this
equation is not readily solvable analytically. Much like Chapter 11, we can solve this
equation numerically. The largest difference with this case, however, is that we are
fixing e (essentially the force) rather than 1 (the extension), and we start with the
condition i = 6(i). We will find, however, that the same principles hold.
It is likewise possible to reproduce, stochastically, a typical trace from this theory
in a similar fashion to Chapter 11. In a complete analogy, we can define a cumulative
probability distribution function ( that describes the likelihood of jumping from a
protrusion length Io to a new protrusion length 1 during a period of time At:
I I iil< io
AI 1= o 1 - * 1 = 10 (12.13)
=0 + - +=0 * 0+1 vilj+ 1 vlo
where once again the asterisk denotes a summation without the 1 = fo term. The
inverse function 2-1 to this outputs the I associated with the original protrusion
length 1o and a random number ( between 0 and 1, along with the jump frequency
matrix vig. This yields the evolution equation:
1(t) = 5 1((, I(t - At), vii(t - At) (12.14)
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12.4 Results and Discussion
Simulation results largely match with our theoretical development in this section. We
show extension behavior as a function of elongational rate C, which is mapped from the
dynamical evolution of the length L as a function of time, in Figure 12-3. There are
four individual traces for each of two different unbinding energies that represent the
extreme behaviors; quick binding behavior (AEUB = 12.0) and slow binding behavior
(AEUB = 16.0). It is apparent at AE = 16.0 that the slow binding behavior gives rise
to a largely-suppressed stretch transition with a characteristic "stair-step" behavior
where extension only occurs once the association constraints are removed. At quick
binding behavior A5= 12.0, extension occurs in a much more smooth fashion and at
a much lower value of c.
We can average traces like those shown in Figure 12-3 to obtain the graphs shown
in Figure 12-4 that plot the trajectory-averaged extension length (L) as a function
of the logarithm of the elongational rate log . Overwhelmingly, this shows the same
suppression of the extension until larger values of E due to the longer time necessary
to overcome the larger barriers to extension. Once extended, the length continues to
extend due to the Hookean nature of the bead-bead springs, and thus the increase in
the maximum value is an artifact. Nonetheless, the extension curves up to that point
represent an accurate depiction of the extension dynamics. We plot the curves in
Figure 12-4 at a number of different elongational ramping rates m, with each value a
factor of e different from the neighboring plot. This has the effect, when considering
the scaling of the binding time scale (TB ~ e-AEUB), of demonstrating that such a
scaling manifests in the extension behavior. This is seen by comparing, for example,
AEUB = 15.0 at m = 2 x 10-8, AEUB = 14.0 at m = 5.4 x 10-8, and AEUB = 13.0 at
m = 1.5 x 10-7. These traces, though not exactly due to averaging effects, match up
remarkably well. This is generally true throughout these three plots.
These simulation results can be compared to theoretical predictions, at least on
a qualitative level. In Figure 12-5 we plot in "cloud" representation the evolution
of the distribution of protrusion lengths I as a function of elongational rate E for
m = 2 x 10-8 and N = 50. As the unbinding barrier increases, the distribution remains
at low I for ever longer periods of time. It is not discernible in this graph that the
population at I = 50 does not start until much later for large AEUB, though this will
be apparent in the following figures. What is apparent in this figure is that there is
a region of relative instability. This comes from the saturation of the force along the
associative bonds - at large forces (large I and 6) there is enough force to overwhelm
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Figure 12-3: Four traces each for ALUB = 12.0 and AFUB = 16.0, with AEo = -2.0
for N = 50. Simulation data shows a characteristic "step" pattern that occurs due to
the finite time scale of unbinding that is slower than the speed of elongational flow
increase (m = 2 x 10-8).
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Figure 12-4: Trajectory-averaged traces of (I) as a function of the logarithm of the
elongational rate loge for m = 1.5 x 10-7, 5.4 x 10-8, and 2 x 10-8 at a number of values
AEUB as indicated. Trajectory averages over ca. 10 traces, N = 50, and AE 0 = -2.0.
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Figure 12-5: Cloud representation (using the same color scheme as Figure 12-4,
m = 5.4 x 10-8) from theoretical results. Values randomly chosen from calculated
distribution to provide an estimate of the distribution of possible paths though
1- space as stretching occurs. AEs = -2.0 and N = 50. Note the "envelope" be-
yond which the distribution becomes sparse regardless of ALUB. This is the regime
though which the polymer quickly "jumps" to full elongation due to complete force-
overloading of the associations. This is also apparent in Figure 12-3.
the unbinding barrier, and thus unwinding happens essentially immediately rendering
the distribution essentially zero. This envelope is apparent in Figure 12-3, as wen.
While this cloud representation is useful for demonstrating the wide variation in
the trajectories seen during extension, we can also learn about these processes from
the trajectory averages. The theoretical calculation of these is shown for m = 2 x 10-8
and 5.4 x 10-8 in Figure 12-6. These graphs indeed demonstrate the (1) versus
behavior demonstrated in simulations shown in Figure 12-4. Likewise, the shift of
AEUB --+ AEUB - 1 upon the change of m -+ m x e is very clearly seen.
Finally, we can stochastically reproduce single-trajectory traces from the theory,
in the same fashion as in Chapter 11 and as outlined by the theory in the previous
section. Examples of these curves are shown in Figure 12-7, which plots the length L
as a function of shear rate 6' on a semilog plot for m = 5.4 x 10-8. These traces contain
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Figure 12-6: Trajectory-averaged traces of (I) as a function of * for a variety of values
of AEUB, N = 50, and A5 0 = -2.0. Values of m are m = 2 x 10-8 (a) and m = 5.4 x 10-8
(b). These represent rates that differ by a factor of e, which is apparent in the
rough equivalency of AEUB traces in (a) with AEUB - 1 traces in (b). These graphs
qualitatively match the simulation results in Figure 12-4.
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Figure 12-7: Single trajectories for the extension length L at a constantly-ramping
elongation rate e, derived using theoretical numerical calculations. The elongation
rate ramps with m = 5.4 x 10-8 for N = 50 and AE 0 = -2.0. The characteristic
stair-step behavior is observed, comparable to the behavior shown in Figure 12-3.
the same features demonstrated in Figure 12-3, such as the "stair-step" behavior and
the rapid increase in /, above a threshold where force overwhelms binding barriers.
12.5 Conclusion
We have adapted the master-equation approach we originally used for constant-
velocity pulling to the globule-stretch transition of a self-associating polymer. The
conceptual picture that is relevant here is that of a globule extending through the
protrusion-nucleation mechanism where the protruding chain end is constrained by
frequent barriers originating from the association kinetics. As constraints are broken,
the chain extends until another constraint is encountered. If this process happens
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slowly compared to the rate of increase in the elongation rate e, a stair-step pattern is
realized that is characteristic of a stick-slip type motion. Simulation and theory both
demonstrate these effects, and both are in qualitative agreement on the characteris-
tics of the curves such as the transition away from the unconstrained globule-stretch
transition and the "envelope" where the force suddenly is enough to overwhelm the
association constraints. This chapter thus provides a glimpse into another application
where a master-equation approach to analyzing the dynamics of associating polymers
is useful.
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Chapter 13
Designed Molecular Mechanics
Using Self-associating Polymer
Components
13.1 Introduction
During recent years there has been a large effort to understand the mechanical prop-
erties of biological materials.[1, 2, 3, 4] These materials, which are typically com-
posed of the same type of polymers on a molecular level (proteins, for example, are
simply sequenced polyamino acids), demonstrate a tremendous array of mechanical
properties.[1, 2, 3, 4] It is clear, thus, that their properties must derive from levels
of structure beyond the chemical nature of protein chains, and in a few cases the
nature of the surrounding medium. [5, 6] Furthermore, biological molecules involved
in structural roles often require specific chemical functionalities to interact with their
surroundings. [7, 8] Recent work on proteins found in spider silk has demonstrated
that straightforward physical representations of complex molecules are sufficient to
reproduce single-chain mechanical properties such as those determined from force
spectroscopy.[9, 10, 11, 12, 13] A wide array of other biological molecules, such as
tubulin,[5] collagen,[2, 14, 15, 16] amyloid fibers,[1] titin,[3, 8] and more have been
investigated in similar fashion with similar results.[6, 17, 18, 19] It is suggested that
two types of motifs are ubiquitous in biological systems; disordered components pro-
vide an elastic component for small extensions and small forces, while ordered com-
ponents such as 3-sheets or a-helices contribute to the large-extension behavior by
providing structural rigidity at large forces that can be aided by extension-induced
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ordering. [5, 9, 10, 11, 12, 13] Spider silk, for example, uses both components to provide
an overall force-extension behavior that involves a great deal of energy dissipation and
consequently toughness while maintaining significant compliance at low extensions.[9]
Other types of molecules use similar ideas to provide advantageous mechanical prop-
erties; for example, the muscle protein titin maximizes dissipation to act as a "shock
adsorber" for the muscle during its extension.[3, 8]
It is clear that the mechanical properties of such molecules are ultimately linked
to the structure of these materials rather than to the chemical details. Here, we
demonstrate that the inclusion of only two features to a standard homopolymer
model are necessary to reproduce the force-extension characteristics found in bio-
logical polymers. In particular, we show that the addition of finite binding time
scales, along with the structural degree of order within the molecule, are sufficient
to greatly expand the variety of force-extension responses exhibited by the model.
We show from molecular-level statistical mechanical models how these new coordi-
nates can be tuned to manipulate the force-extension response of individual chains,
to which we refer to as material "units" similar to widely-used spring and dashpot
models. Building upon such units allows for a universal approach to novel materials
with controlled force responses. While much of the literature has focused on specific
biomacromolecules,[9, 10, 2, 13, 6] we show how the principles described in these
studies can be reproduced from general molecular models. The generality of this
model suggests that such polymers can be synthetized using tools that are already
well-known in supramolecular chemistry. [27]
To start, we consider a prototypical model of a polymer chain consisting of N
beads connected by harmonic springs. To incorporate self-associating groups, we
allow for non-adjacent monomers along the chain to "react" with each other through
the inclusion of a short range interaction potential URXN (schematically shown in
la). This potential is based on the Bell reaction model, and occurs between spatially
adjacent monomers that are more than a single index apart along the chain. The
parameters correspond to an energy landscape characterized by energies A5B, AEUB,
and A5 0 , the tensile force along the bond, and an attempt frequency f/o.[24, 25].
Tildes designate dimensionless units, with energies normalized by the thermal energy
kBT, distances normalized by the bead radius a, and times normalized by the single
monomer diffusion time r = 67r?7sa3/(kBT) (where 7s is the solvent viscosity). We
choose to work with A5 0 , which is known to govern equilibrium binding behavior, and
AEUB, which governs the unbinding kinetics and is typically the relevant parameter
under dynamic fluctuations and loading.[21, 22, 23] This type of binding behavior
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Figure 13-1: (a) Schematic of the Bell-model reaction scheme used to represent as-
sociations between two different beads in computer simulationsa, demonstrating the
energy landscape for fast (purple) and slow (green) dynamics. (b) Simulation snap-
shots of a randomly associating polymer (RAP, top) and a helical polymer (bottom)
as they are pulled. Yellow links represent backbone links, while blue lines correspond
to temporal association bonds that satisfy the Bell model (as shown in (a)). (c) Sin-
gle force-extension traces for a RAP as the unbinding barrier A 3EUB is increased for
N = 200, i3 = 0.01, and AE0 = -2. Corresponding 13t values are jEt = 11.0, 30.0, and
81.7 for AEUB = 13.0,14.0, and 15.0 respectively. Traces corresponding to different
values of I3t are offset by f = 50.0, with baselines represented by bold, dotted lines.
has been recently studied for single molecule models in both equilibrium and under
shear forces. [21, 22, 23] Details of the model are described in the Methods section and
subsequently in the Supplementary Information in more detail.[20] The simulations
used here are the same as those used in the recent literature on similar systems. [21,
22, 23]
13.2 Results and Discussion
The degree of ordering within the molecule is given by the existence or non-existence of
a topological or energetic constraint that keeps the molecule in a helical conformation
(1b, bottom) rather than a randomly associating polymer (RAP, 1b, top). For the
former, we apply a cylindrical potential UHELIX = + -f-o9) 2/thti apled as
the polymer is pulled. Conceptually, this is a constraint that represents the existence
of sequence-driven structural order in a protein, which gives rise to for example a-
helices or #-sheets. In such motifs, the overall structure is held together (in this case
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along the unconstrained x-direction) by cooperative binding effects that reinforce the
central portion of the structure with respect to its periphery. Helices can also occur
due to polymer complexation with charged rods, such as in the case of DNA that
winds around Histones.[29]
To explore the response of such polymers, we pull the ends of the polymer at a
velocity ii that is kept constant in our simulations. During this process, we measure
the tensile force f required to maintain the pulling velocity b. We plot in Figure
13-1c the single force-extension traces for a variety of unbinding energies (related to
binding dynamics), with Figure 13-1c showing AEUB = 13.0, 14.0, and 15.0 (bottom
to top). It is important to notice that there is a clear transition from a straight-
forward freely-jointed-chain type response at low barriers to a sawtooth pattern at
high values. The former behavior is readily observed in traditional polymers, whose
properties have long been understood through a wide array of statistical mechanical
models.[26] The latter behavior, and in particular the transition to this behavior, has
been observed in a great number of biological molecules (i.e. von Willebrand Factor,
spider silk, DNA, titin, etc.).[9] In this paper we outline (and describe in detail in
the supplemental information) a quantitative theory that exhibits these properties
and demonstrates how this behavior may be realized in a general sense through the
incorporation of the monomer-monomer "reactions" to a homopolymer model. The
mathematical framework is based on the evolution of a distribution IF of molecular
states characterized by the shortest path length M that sustains the tension force
through the polymer network. This network, and its shortest path, consist of both
backbone bonds and the associative bonds. The evolution of IF is given by the master
equation: [23]
9BI'(M) N
= Z VM,j'ij = K(vo, A5UB)SM({rk}, {Sk,1}) (13-1)
M
where the tensor vM,j expresses the frequency of jumping from a state with j bonds
along the shortest chain to a state with M bonds along the shortest chain, and it is
based on the molecular characteristics (i.e. the order present in the molecule). [23] The
second equality in equation 13.1 derives from the separation of the master equation
into two multiplicative contributions; a kinetic factor K = K(vo, AEUB) that describes
how the state of the pulled molecule evolves in time and a structural factor SM =
SM(rk}, {sk, }) that carries the information associated with the state of the system
in terms of structural parameters (most generally given by the arguments {rk}, which
generally describes the spatial arrangement of all the beads k, and {Sk,}, which
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Figure 13-2: (a) Force-extension behavior (averaged over 50 different trajectories for
each condition, (f)T versus L/(2N)) for an RAP at a number of different normal-
ized pulling rates I4tN (legend shown in (b)). Schematic represents the conceptual
picture of a globule whose force behavior is dictated by the shortest path through
the network of chain connections and associations. (b) Same force-extension behavior
shown in (a), showing only the purple boxed region in (a). At these low extensions,
Hookean behavior is observed that increases with iit, an effect predicted in equation
13.7. Legend shown is for (a-c). (c) Force-extension behavior (averaged over 150
different trajectories for each condition) for a helical polymer at a number of different
normalized pulling rates i{. For a helical polymer, there is a constant force plateau
that is a function of pulling rate t as predicted in equation 13.4. Secondary modes
appear at high t and high L.
describes the state of binding between beads k and 1). For this model, we show in
the supplemental information that a straightforward scaling relationship arises out
of this treatment if the SM factor is constant (the structural characteristics of the
molecule remain the same):
6* ~ K(vo, A5UB) = voe-A'UB (13.2)
This relationship identifies the critical pulling velocity f3* as a function of AEUB at
which dissipation through sawtooth-like force-extension behavior begins to occur. We
can thus define a dimensionless pulling velocity Vt = f5/3* = ii/(voe-AUB) where the
dissipation transition occurs at t 2-20 (this value depends on the topology, or the
factor SM). This is shown in Figure 13-1c for individual pulling trajectories, and it
is also apparent in a trajectory-averaged picture that is relevant for an ensemble of
molecules being simultaneously pulled. This case is shown in Figure 2a, which demon-
strates the onset of binder-driven dissipation for trajectory-averaged force extension
plots of a typical RAP as the unbinding energy is raised above the critical value of
jt ~ 4.5. This represents a very general design principle related to self-associating
polymers; by specifically designing the interactions involved with the molecule, it is
possible to precisely tune its dissipative behavior.
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In the scaling law given by equation 13.2, we treat the factor SM as a proportion-
ality constant. This is only true if we consider polymers with the same equilibrium
structure. The structure of the polymer may change upon variation of AEO, for exam-
ple. We consider two extremes of SM: a RAP (which we have already demonstrated,
lb top) and a helical polymer with the addition of the potential UHELIX (Fig. 13-1b
bottom). These are clearly different structures, which manifests in differing argu-
ments of SM in terms of both the average behavior of {rk} and {Sk,l}. We leave a
rigorous theoretical development of the form of SM for future work, and instead focus
on the effect that SM has on the force-extension behavior in a qualitative sense. Fig.
13-2 demonstrates the contrasting behaviors of a RAP (Fig. 13-2a and 13-2b) and
a helical polymer (Fig. 13-2c), with trajectory-averaged force ((f)T)-extension plots
for both plotted on the same graph for different values of f). These two structures
(with different SM) manifest themselves in drastically different characteristic shapes
of the force-extension plots; RAPs demonstrate an initial Hookean region (Fig. 13-2b
provides a magnified view of this region) followed by a plateau value that increases
in a fashion similar to a Freely-Jointed Chain (FJC) model polymer,[26] and ordered
helical polymers lack the initial Hookean region and instead contains only a plateau
at an elevated level of force.
The reason for these difference is due to differences in the equilibrium structure
of these disparate topologies. For both structures, the relevant force-transmitting
portion of the molecule is the shortest chain through the structure, however the
identity of this shortest chain is different in both. For the helical molecule, there is a
highly-degenerate pathway through the helix such that the overall structure maintains
its structure regardless of the evolution of the quantities {sk,}. This means that the
helix remains a rigid entity and stretching occurs only by pulling out the polymer
at the helix ends. To describe this behavior, we begin with the idea that the time
evolution of the average shortest chain (M) with time must occur at the same rate
as the pulling:
(13.3)
This steady-state picture is the case for the helical polymer, and it is possible to
develop a simple relationship for the high force (ut > 1) regime. In this case, the
change of M with time must match with the unbinding rate at the site of the tether-
helix junction. If bt > 1, the unbinding can only keep up with the requisite change of
M by increasing the unbinding rate through the application of a tensile force. This
leads to the relationship a(M)/9i = 2Cvoe-AkUB+(T)f*, where the factor of 2 comes
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from the two tethers to the helix, C is a proportionality constant that depends on
the bound fraction, and the factor e(fr* comes from the effect of the tensile force-
induced tilting of the potential at the transition state. For the case that Ct > 1, it
is thus possible to derive the result (fT) = (1/f*) In (Ct) where there is a continuous
transition to this behavior from Cit < 1 (where fT ~ 0) to C t > 1 (where this equation
applies). We can simply write the simplified relationship:
frx = P(~i4) (13.4)
which states that the force along the helix for any strain state is constant P that is a
function of the pulling rate, so a constant force at that value will cause (until the helix
disappears) an indefinite increase in length. Conversely, for the RAP the shortest-
path degeneracy is not as large and there are pathways through which the shortest
chain can relax to undergo a random network walk through the polymer globule. In
equilibrium, this pathway is typically much longer than the extension length, so the
system may take a great deal of time to evolve to the steady state described in eq.
13.3. At low extensions, it is thus more correct to write:
((M Y) = ) (13.5)
The degeneracy of the shortest path in the helix prevents the inequality - there are
a large number of shortest paths that run essentially straight through the helix such
that this "lag" in the movement of the shortest chain is nonexistent. For the RAP,
(M) may be able to move slower in the initial stages of extension due to the slow
reorganization of bonds and the random walk-like path. Here, instead of forcing the
bonds apart (as in the helical case) force just goes into stretching the shortest chain,
which in fact responds like an entropic spring itself. We can develop a simplified
but conceptually accurate picture by incorporating these ideas into the typical force-
extension of an entropic spring. In the short-extension limit, polymers follow the
force-extension behavior fT = (3kT/a) x L/(2Ma), but more generally follow the
scaling fT ~ O(x) where x = L/2M. In this case, we can write the evolution of both
L and M, L = Lo +vt and M = Mo + ff (M/dt)dt'~ MO + gvt where g is a number
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g < 1 that describes the lag in the movement of M. If we calculate the modulus:
E-= W( \ (a(i2/(2M))
\ L f a(L/(2M))J t
[84--- M (13.6),I( ) M
In the small 1 limit, 84/Ox ~1 and both L and M are weakly dependent on changes
in jOt compared to g (which should demonstrate an exponential dependence on bar-
rier energy near the transition). For large ut, g ~ 0 and for small t, g ~ 1. This
corresponds to a change in the modulus from E ~ 1/M for large t to E ~1/M 2 for
small ut. While the shape of E is not rigorously Hookean, we observe quasi-Hookean
behavior at low values of Li in Fig. 2b and can write a simplified, phenomenological
relationship for the small-deformation limit of a polymer:
' = E(it) (13.7)
9L
Effectively, this is a polymer with a variable modulus depending on the speed at
which it is pulled relative to the natural relaxation time of its binding behavior. We
schematically represent these contrasting cases in Figure 13-3a and 13-3b, both of
which represent fundamental building blocks upon which it is possible to develop
single molecules with designed mechanical response.
13.3 Phenomenological Mechanical Design Princi-
ples
We provide an example of the design principles enabled by such a model, despite the
inherent chemical simplicity involved with this system. In order to utilize these two
components (RAP and ordered helix), we must elucidate their roles as the polymer
is elongated. While we do not have full control over the form of the force-extension
behavior of these molecules, especially once the pulling rate is considered as a third
coordinate, we indeed carve out a large swath of this space with only a few compo-
nents. The role of the helix is more straightforward; it acts as an "elongation source"
for a given force f = P(it), where at a given pulling velocity the helix will elongate
almost-indefinitely at the specified force and is similar to a "dashpot" component in
traditional Maxwell-type models.[26] Connected to the pulling response with a stiff
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(f)TI
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(f)T Lc
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Figure 13-3: Schematic figures representing the fundamental units derived from sta-
tistical mechanical models and arguments in this paper. (a) A helix (denoted by the
semicircle series) is pulled in series with a stiff spring (zig-zag with spring constant
r,) that represents the pulling potential used in the simulations. At a specified force,
dependent on the relative pulling velocity i3t, Hookean behavior gives way to an exten-
sion that proceeds until the helix is completely unwound to its full contour length of
Lc. (b) A Randomly-Associating Polymer (RAP, circle containing a coiled shortest-
path) is in series with the same stiff spring. Extension proceeds in a quasi-Hookean
fashion until it is unwound to its contour length Lc. The slope of the Hookean regime
(at small values of L) is a function of bt - when Ot is fast, the slope is large due to the
long relaxation time of the globule network, and when Ot is slow the slope is small as
the globule has the opportunity to relax. These behaviors are observed in simulation
of our model, shown in Figure 2a and 2c.
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Hookean spring, as in our simulations, one would obtain the behavior presented in
Fig. 13-3a for a number of different pulling speeds. This simplified plot corresponds
to the simulation case shown in Figure 13-2c, which indeed demonstrates these char-
acteristics. Each pulling speed Ot yields a different plateau, and extension continues
until the helix is completely unwound (a distance denoted by Lc). Once unwound,
pulling would then commence with a fully unwound segment, in this case Hookean
behavior would again continue.
At small extensions the role of the RAP is more similar to a "spring" component
of traditional Maxwell-type models,[26] albeit one that includes a it-dependence,
since the binding behaviors and pulling rate control the modulus rather than the
force plateau. By controlling the association behaviors, and overall globule size, it
is possible to access a non-trivial range of moduli. We illustrate this in Fig. 13-
3b where we schematically represent the force-elongation behavior of a RAP at a
number of different pulling speeds (with relation to the unbinding time scale). The
corresponding simulation data is shown in Figs. 13-2a and 13-2b.
We can proceed to build compound mechanical units based on these components
that themselves have useful properties. One such component is the placement of
a randomly associating polymer in parallel with a helix; the randomly associating
portion only extends once the helix reaches the force necessary to extend at a given
pulling rate P(5t), so the force-extension behavior of the RAP is only "accessed"
at this force (Fig. 13-4a (schematic) and Fig. 13-4b (simulation)). This force is
described by the bt of the helix, which can be designed such that the RAP manifests
at a specific force. Two different values of 'jt are shown in Fig. 13-4a, with the
blue curves representing larger values of fi4 than the red curves. Different shades
of the same color represent the different values of O . We can likewise simulate
this response, which is shown in Fig. 4b for 3 different values of i41 with 2 different
values of VRAP each, to demonstrate that this indeed occurs as predicted. The RAP
behavior demonstrates a change in E(i4,t_) as expected, with the force at which this
occurs shifted horizontally by adjusting the value of f%.
In a similar fashion, the inclusion of two randomly associating polymers with
different unbinding energies could be placed in series (Fig. 13-4c and d). Such a unit
would lead to the inclusion of two transitions in moduli as a function of pulling speed
(a behavior which could in principle be extended to any number of series components).
This is, again, seen to occur in simulation data (Fig. 4d) which plots the modulus E
as a function of 01 with a constant value of fl/05 = e3 (a difference in the transition
state energy barrier of 3kBT). The transitions for each serial RAP i occur at points
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corresponding to 4 ~ 6, as predicted by theory.
As a final example, it is possible to place a helix in series with a RAP (shown
schematically in Fig. 13-4e). In this case, the quasi-Hookean behavior occurs up to
the force plateau dictated by the helical portion. If the RAP was not completely
unraveled during this section, and if it did not unravel during the helical plateau,
there may be yet another quasi-Hookean section after the helix fully unwinds. This
behavior is indeed observed in the low-extension limit of the simulations, shown in
Fig. 13-4f for a constant iA and varying values of fit
H ~RAP-
13.4 Conclusion
There are a number of biological molecules that demonstrate unique mechanical re-
sponses to applied external forces, and have attracted a great deal of attention recently
due to a desire to understand the fundamental principles leading to these properties.
We show that model systems based on traditional homopolymers, with the addition of
two additional and accessible coordinates, allow access to a wide variety of mechanical
behaviors through judicious design of systems made up of two types of components.
These components represent discrete positions along an ordering coordinate, with a
randomly associating polymer at one extreme that sets moduli and a helical poly-
mer at the other extreme that sets plateau forces. These values are set through the
adjustment of the other coordinate, the binding time scale that is dictated by the
unbinding energy AFUB of a Bell-model interaction.
While single-chain mechanical properties are indicative of macroscopic mechanical
properties only once the nuances of multi-scale hierarchies are considered, parallel
avenues of research are currently proving to be very successful in this regard. Likewise,
supramolecular chemistry has the necessary tools to make such designed materials a
reality; reversible interactions such as hydrogen bonds, metal-ligand bonds, etc. are
becoming well characterized and are already used as a method to impart time scales
to gel materials through their kinetics.[27, 28]
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Figure 13-4: Examples of compound systems using the mechanical design principles
inherent in self-associating polymers. (a) Schematic of the force-extension curve seen
for the case where the RAP is in parallel with a helix. The unit requires a minimum
force to extend that is dictated by the helical component and its value of P(t ).
Once this force is attained, typical RAP behavior is observed. Red curves versus blue
curves represents different values of iit, and different shades represent different values
of i46. Simulation verification is shown in (b), which plots a number of different
values of i4, each with a high (light colors) and a low (dark colors) value of O .
The overall effect of the helix is to "shift" the curve vertically. (c) Two RAPs in series
will demonstrate two separate transitions in their initial modulus. Each transition
corresponds to the pulling speed ij becoming quicker than a globule's reorganization
speed 6*. The transitions are broad, but they can be observed if there is a large
disparity between i)* and ij*2. This is shown in (d), which plots simulation data the
case for fj/f,* = es. (e) A helix in series with a RAP increases in (fT) in the same
fashion as a RAP until the force reaches P(4t ) that is required to unravel the helix.
Different values of b4, are shown with different shades of red. The plateau persists
until both the RAP and Helix fully unravel to a length 2Lc. Simulation verification
of this trend is observed in (f), which plots for a single value of ~I a number of values
of f,2,. At low extensions, the predicted behavior indeed occurs.
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Part III
Collapsed Homopolymers Near Surfaces
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Chapter 14
Part III Introduction
The dynamics of homopolymer globules in the presence of dynamic loading (flows,
pulling) has now been extensively mapped.[1, 2, 3, 4, 5] In the first portion of this
thesis, we built off the work of Alexander-Katz and Netz [1, 6] to first extend the
theory of globule-stretch transitions from shear flow to elongational flow,[2] and sub-
sequently completely describe the behavior of a polymer globule in the presence of
any arbitrary fluid flow.[3] This behavior had ramifications in the particular case of
the protein von Willebrand Factor, which is known to undergo these sorts of transi-
tions when observed in vitro and has quaternary structure that renders it an effective
homopolymer. The dynamics of these sorts of models have also been investigated in
both the equilibrium case and upon probing by simulations that reproduce the types
of forces seen in force spectroscopy measurements. [4, 5]
This model is clearly an extremely coarse-grained and simplified view of von Wille-
brand Factor, but it is clear that it nonetheless provides crucial insights into the be-
havior of the biological molecule. [7, 8] Perhaps just as important, such a general and
coarse-grained model allows the application of the theory to similar systems, which
are abundant in both biological and synthetic polymer science.[9, 10, 11]
We subsequently explore, in the second portion of this dissertation, the rami-
fications of introducing a variable time scale to the interactions between adjacent
units.[12, 13, 14, 15] Despite possessing indistinguishable equilibrium properties, the
incorporation of binding time scales into the model demonstrates a wealth of interest-
ing dynamic behavior.[12, 13, 14, 15] Features of the dynamic responses to dynamic
loads can be varied in interesting ways by manipulating the binding energy landscape
in a straightforward fashion.[12, 13, 14, 15]
For the case of vWF, the single-chain behavior in an infinite medium represents
just a single aspect of the process through which the molecule proceeds from a
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relatively-inert globular protein to an elongated molecule that is adsorbed to the
surface of the blood vessel.[7, 16, 17] We therefore seek to add a level of complexity
to our model - the presence of a surface. In the following section, we develop the ideas
necessary to understand the behaviors of a homopolymer globule near a surface. We
begin by describing the relevant hydrodynamic effect: the so-called "lift force" that
acts upon a stretched polymer near a surface.[18] This lift force is examined in the
near-surface limit, and it is demonstrated to produce forces that effect the conforma-
tion on chains near the surface, such as tethered molecules. The bulk of this portion
of the thesis, however, examines the competition between the short-range attraction
of a chain to the surface and the hydrodynamic lift force that repels the chain away
from the same surface. We provide analytical arguments that map out the array of
behaviors expected in this situation.
We also point out the shortcomings that become apparent when trying to reconcile
the behavior seen in a pure Lennard-Jones model utillized in this part of the thesis
and the observed behavior of vWF in experiment. We directly address these issues
at the end of this third and final part of this thesis.
14.1 Near-Surface Hydrodynamics
The addition of the surface to the geometry of the system imparts a complicated
constraint on the hydrodymamics of the system. In particular, it is now necessary to
incorporate the no-slip boundary condition at the surface into the mobility tensor.
Such a tensor was derived by Blake in the seventies by using an "image system." [19,
20, 21] In Blake's derivation, he assigned a series of image flow singularities on the
side of the surface opposing the point force (using the Oseen-level hydrodynamic
tensor).[20] The flow singularities considered by Blake represent a set of point forces
and stresses originally developed by Batchelor.[20, 22] The fundamental singularity
has already been discussed, and is a point force or a "stokeslet" that is given by the
equation:
Sij(r) = Ii + rr (14.1)
which is simply the Oseen tensor. There is the "potential dipole", PP'(r), which is
related to the gradient of the pressure field around a stokeslet:
PP(r) = (1 - 26i3 )V r l2i3 [i - 3 1 (14.2)417rs7r| 3 47r7sjr|3 r -r
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There is also a "stokeslet doublet", which is related to the gradient of the stokeslet
velocity field:
SP(r) = (1 - 26i3)VSij = r 3PF'(r) + 1-26i 3 rs - 3 (14.3)717ii 47rrs InJ3
The idea behind the Blake tensor is that any motion above the plane of the surface
must be counteracted by an opposing motion below the surface. This holds true
for translational and rotational motions, so the full Blake tensor at the Oseen level
(before a multipole expansion around a finite bead) is:
yig(r) = Siy - Sjyj - zoS I,+ z2Pp,1 (14.4)
where the subscript I denotes an image tensor that uses the distance r, = r + 2zo
between the position of the velocity measurement and the image point force rather
than the position of the velocity measurement and the actual point force. The con-
tributions include not only the normal Oseen tensor (first term), but the image that
counteracts the translational motion (second term) and the images that account for
the moments (third and fourth terms, which consider shear and rotational effects).[20]
This tensor can be expanded in the same fashion as the Rotne-Prager-Yamakawa ten-
sor so that the finite sizes of beads are accounted for, and this is the tensor we will
use in our simulations (the Rotne-Prager-Yamakawa-Blake tensor).[23, 24] The full
form of this tensor can be found in the literature.[21]
The introduction of these effects has been shown to introduce interesting and
novel effects into systems near a hydrodynamic surface. One behavior that we have
previously investigated (and is included in the addendum to this dissertation) is the
use of the no-slip boundary condition hydrodynamic behavior to break symmetries
inherent in periodic motion such that a net translation is observed. [25] Also, in a sim-
ilar behavior to the hydrodynamic screening in a dense polymer system (the Zimm
behavior in a polymer coil, or flow stagnation in a polymer globule), the wall effec-
tively increases the "density" of the system such that screening is also a prominent
effect in the near-surface hydrodynamics. [26, 27] This is especially important in un-
derstanding the hydrodynamics of a polymer in a slit flow, where narrow slits lead to
a screening of hydrodynamic interactions such that Rouse scaling is regained.[27]
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14.2 Hydrodynamic Lift Force
Recently a hydrodynamic lift force has been shown to drive experimentally-observed
cross-stream migration behaviors in solutions of DNA molecules under the influence of
shear flows. [18, 28, 29, 30, 31] This represents, at least for our purposes, the most rele-
vant hydrodynamic effect during our subsequent understanding of globular homopoly-
mers near an attractive surface in flow. There has been a great deal of theoretical
development of this equation over the past decade, starting from its original descrip-
tion in 2005 by Graham and Ma.[18] The theoretical justification for this lift force
derives from the incorporation of the Blake tensor (without the Rotne-Prager correc-
tion) into the equation for dumbbell evolution given by equation 2-19.[18, 20, 32, 33]
The resulting equations are simplified by using a far-field assumption such that the
height away from the wall (zo) is much less than the length of the end-to-end vector
of the polymer IrFl. It is found that the lift force fL falls off as fL ~ (zo)2 for a uni-
form shear flow, a result which qualitatively agrees with simulation and experimental
data.[30, 34] Larson provided a simplified but conceptually correct explanation of
the effect, shown in Figure 14-1.[34] Essentially, while in the bulk the counterflow
induced by the entropic spring in response to the stretching flow is completely sym-
metric, the imposition of a no-slip boundary condition near the surface suppresses
the near-surface counterflow. The resulting counterflow is primarily upwards at the
center of mass of the polymer, resulting in a lift.
It is this effect that explains literature observations of desorption effects in the
presence of shear flows.[35, 36] There are a few studies that have specifically studied
the adsorption of polymers in shear flows, but these studies are far from exhaustive.
For example, a 1988 paper by Besio, et al. and a 1991 paper by Chin and Hoagland
are typical experimental papers that seem to have done precursory studies into the
effect of flows on adsorption, and they both observed an increase in desorption upon
increasing the flow rate.[35, 36] Despite the relative scarcity of studies on adsorption,
the experimentally realized cross-stream migration effect observed of DNA flowing in
microfluidic channels has sparked a resurgence in interest in the influence of shear
on adsorption.[18, 28, 29, 30, 31, 21, 37] The role of the same hydrodynamic lift
force effect seen in cross-stream migration was suggested to be the effect driving
adsorption in a number of papers,[18, 21] and was first incorporated into analytical
theory in the work of Hoda and Kumar on electrostatically-driven adsorption in shear
flows.[37] Hoda and Kumar took care to avoid the far-field approximation present in
the existing literature so that near-surface effects could be resolved, however still
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ZF
Figure 14-1: The hydrodynamic lift force is induced by the backflow counteracting
the applied fluid flow profile due to the entropic restoring force of the polymer chain.
In an infinite medium (top), the flow profile is symmetric and this backflow does
not have a net effect on the polymer. Next to a surface, however, the backflow is
suppressed near to the surface leading to a net upwards flow that "lifts" the polymer
away from the surface. Figure from [34].
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used a dumbbell formalism. [37] Later theoretical work by Sendner and Netz began to
incorporate lift forces into adsorption theory via complementary methods based on
bead-spring models of E-polymers and rods.[38, 39, 40]
While the case of a E-polymer in shear flow next to an adsorbing surface is begin-
ning to be realized in the literature, only precursory work has been done by Hoda and
Kumar on polymer globules in flow next to surfaces.[41] While this particular work
represents a minor and qualitative component within a larger paper, we intended to
investigate this situation in-depth to determine the precise behavior in an analytical
fashion. The development of these ideas is shown in this section of the dissertation.
14.3 Simulation Methods
For our simulations, we again use the Brownian Dynamics scheme described in Part I
to simulate the dynamics of a single polymer chain. The differences to this system will
be the inclusion of the surface through both hydrodynamics and through the inclusion
of binding behavior. We also occasionally consider applied potentials, however these
are discussed in context.
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Chapter 15
Non-monotonic hydrodynamic lift
force on highly extended polymers
near surfaces
15.1 Introduction
There is a "depletion zone" in flowing solutions of macromolecules which is character-
ized by a drastic reduction in the concentration of the polymer near a surface.[1, 2, 3,
4, 5, 6] Over the past decade it has become clear, after early work by Jendrejack, et al.,
that this behavior is due to a hydrodynamic lift force, which is a direct consequence of
polymer stretching under the influence of an external fluid flow.[2, 5, 6, 7, 3, 8, 9, 101
The origin of this lift-force arises from a no-slip boundary condition at a solid surface
that breaks the fluid flow symmetry around a chain under tension, and the chain
feels a resulting upwards force. This force has been widely investigated and applied
to a variety of contexts, in particular the description of the aforementioned depletion
zone and the case of polymer adsorption.[2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 16] Ma
and Graham were the first to consider this behavior in the context of adsorption, and
showed how a dumbell polymer model could be developed that displayed the qual-
itative characteristics seen in experiment.[2] This model was further developed by
Hoda and Kumar who extended this model to incorporate the effects of electrostatic
interactions.[9] Theoretical and simulation work by Sendner and Netz has further in-
vestigated this phenomenon in the context of more refined bead-spring models that
more explicitly incorporate the correct hydrodynamics.[12, 14, 15] Despite these ad-
vances in the theory, comparison of many of these results with experiment reveal
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qualitative, but not quantitative agreement. Larson, et al. has indicated that the
depletion zone near a surface is considerably smaller than predicted by theory, by as
much as an order of magnitude.[1]
In this chapter we provide a general theory that describes the hydrodynamic
lift behavior of a polymer at an arbitrary distance from the surface. Our theory
provides an explanation of the discrepancies seen between experiment, simulation,
and theory for surface depletion, and also an understanding of the lift forces that are
relevant for polymer adsorption and desorption. In particular we note that previous
models addressing this force, such as the dumbbell model, uses an explicit far-field
assumption, the validity of which has been questioned by Hernandez-Ortiz, et al.
and Hoda, et al.. However, a complete quantitative description of this regime has
not yet been developed.[9, 10] Here, we provide analytical results that capture the
fundamental physical picture in both the far-field and near-surface regimes. Our
analytical theory assumes no underlying chain model, and relies only on geometric
parameters and flow conditions. It shows for the first time that the lift force on an
extended object, like an extended polymer, can become non-monotonic, increasing
linearly with the distance from the surface. In the far-field regime we recover the well
known results that the force decreases quadratically with the distance. Of further
interest is the fact that the crossover from the near-surface to the far-field regime
where the lift force is maximal occurs at a height Z* ~ L, where L corresponds to
the polymer extension length. Since L can be extremely large, particularly in strong
flows, the near field regime may extend far away from the surface.
15.2 Simulation Methods
To simulate a single chain in the geometry specified in the paper, we use Brownian
Dynamics (BD) simulations similar to those used in the remainder of this dissertation.
As such, our polymer is represented by a bead-spring model, which is composed of
2N beads i at positions ri that are held together by a harmonic potential:
~ 2N-1
Us = (i, 11 - 2)2 (15.1)
2 1
The beads interact with other monomers through a Lennard-Jones potential:
2N [ 212 / 6]
ULJ= II -- -2 - (15.2)
ij Bi r/j]
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The main difference in this case is that there is also a harmonic potential that fixes
the polymer at a given height Z from the surface:
~ (EN Fj,z/(2N) - (15.3)
10
where all values designated with a tilde are again dimensionless, with distances nor-
malized by the bead radius a, energies normalized by kT, and times normalized by
the characteristic diffusion time T = 67rla 3/(kT). fi'j is the distance between beads
i and j, 2N is the overall number of beads in the chain, R = 500 is the bead-bead
spring constant, and F is a bead interaction parameter that controls the strength of
bead-bead attraction. For this paper we use the value E = 0.41, which is typical for
a 0- polymer. Beads move through this potential via integration of the Langevin
equation:
(= i 0 (Fi) - (i~ij,BVr, tot(i) + Vrj - 3) + (15.4)
where i .(ii) is the undisturbed solvent flow profile, pij is the Rotne-Prager-Blake
mobility matrix, [17, 18] tot = Us + ULj + z, Dig = kBTptij is the diffusion tensor, and
( is a random velocity that satisfies (&) = 0 and ((y (t)(;(t')) = 2kBT1_i6(t - t'). For
we represent the force loading corresponding to a shear flow with ,(i) =
yTr(rj,x - EN rj,./(2N)), which captures the linear flow increase away from the center
of mass of the chain. The Langevin equation is discretized by a time step of Ai = 10-4,
and for a given set of conditions 107 simulation steps are used. For a given value of
Z, the average lift force FL on a polymer is given by:
~ E 2N ij,z/( 2N) -Z
FL = N (15.5)5
15.3 Theory
To develop this model, we only need to consider the geometry of a polymer chain
near a surface. Here we provide a description similar to the blob model of a polymer
chain under tension by representing the chain as a series of hydrodynamic beads
whose length is equal to the ratio of the average length to the average width of the
elongated polymer chain 2N = (AX)/(AZ) (see Figure 15-la for a schematic).[19]
N >> 1 represents a polymer in a strong stretching flow such that the length of
the polymer in the X-direction is much greater than the Z- and Y-directions. The
polymer can therefore approach the surface without significant entropic penalty up to
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the point where the height Z ~ (AZ) << N. Below this height a short-range entropic
"excluded volume" repulsion from the surface will appear. In our model, we do not
consider this excluded volume region since it becomes small for large N, but it is
important to recognize and account for its presence at small N. This description of
the polymer chain is amenable to the incorporation of molecular theory; for example
a straightforward calculation of this geometry in shear flow based on the work of
DeGennes yields the relationship 2N = V1+ (rz) 2/(2E 2), where irz = Wi is the
shear rate rendered dimensionless through the use of the chain relaxation time rz
and E is Peterlin's chain stretching parameter that is 1 at low extension and diverges
at high extensions.[20] We introduce a single length scale 2a = (AZ) to describe the
chain dimension normal to the wall that effectively corresponds to the bead radius.
This consequently allows us to represent our system as a bead-spring chain that lies
parallel to the surface, in the same spirit as Sendner and Netz (see Figure 15-1b for a
schematic).[14] We can then determine an analytical form for the hydrodynamic lift
force of this fully elongated polymer using the Blake-Oseen tensor, which has been
shown to provide a good description of hydrodynamics near surfaces in the regime
of interest (Z > a).[17, 18] This geometry conveniently enables us to use a simplified
version of the hydrodynamic interaction tensor, and captures the essential physics of
the lift force in the limit of high stretching. This approach is also the relevant case
for a desorbing or adsorbing polymer, which exhibits extended conformations as it
interacts with both the external fluid flow and the surface.[15, 21] Understanding a
polymer in such a limit is also important when considering the behavior of a polymer
in channels that are characterized by small length scales.
The lift force on a polymer, or any other deformable component dispersed in a
liquid medium near a surface, is due to the hydrodynamic interactions between indi-
vidual components and the no-slip boundary condition at the surface. The simplest
manifestation of the hydrodynamic interaction between an entity and its surroundings
is given by the Oseen mobility tensor pigo(ri, ry), which describes the entity as a single
point force.[17, 19] This mobility tensor describes the effect of a point force Fj(rj) on
the surrounding velocity field vi(ri) through the equation vi(ri) = pigo(ri, ry)-F3 (r).
To account for the effect of a nearby surface, where a no-slip boundary condition must
be maintained, Blake introduced an image system that accounted for the aforemen-
tioned boundary condition to produce a new mobility tensor yij,B .[17]
In our model we consider a finite chain of 2N hydrodynamic beads at a distance Z
from the surface, each of radius a. Using these parameters, we can render all variables
dimensionless (rescaled variables denoted by tildes) in terms of distances a, energies
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Figure 15-1: (a) Simulation data showing the accumulation of bead positions over
4800 r at ir = 2.1 for a 9-chain of 100 beads. We approximate this geometry using
a bead-rod model, which groups portion of the chain into beads (orange circles).
This geometry is shown in (b), and has 2N = (AX)/(AZ) beads of radius a = (AZ)/2
parallel to the surface at height Z. Individual dumbbell-pairs feel a net force Ff which
is equivalent to the gradient of the tensile force along the chain in the continuum limit.
All pairs of dumbbells contribute to an overall lift force FL.
kT, and times ro = 67rqa3/(kT), where q is the solvent viscosity. This geometry
is shown schematically in Figure 15-1b. The tension force FT along the chain is
considered to only be in the x-direction, such that the chain is in equilibrium in this
configuration. Since we are primarily concerned with the lift forces in the direction
normal to the surface, we only need to consider the resulting velocity field in the
z-direction. The relevant component of the mobility tensor is then just pItB(r,) -
(-3rxZ 3 )/(27rg(rl + 4Z 2 )5/2). To evaluate the overall force, one can just define the
effect of a given dumbell centered at the mid point of the chain that is separated by
a distance 4na on the velocity field at a dumbell that is separated by a distance 4ma,
where n and m are just indexing parameters (see Fig. 15-1). The resulting lift force
Fd from the n dumbbell on the m dumbbell can be writen as:
Fd(n, mF 1 , Z) = -127raFf [pnm,B + In,-m,B]
9Ff Z 3  (n - m) (n + m) (15.6)
8 1[(n - M)2 + 2]1/2 [(n + M)2 + 2]5/2
where Ff is the magnitude of the force on the nth bead and the rescaled height
Z = Z/a. To determine the overall lift force due to a given dumbell on the entire
chain FL,d(n, Ff, Z (including the dumbell itself), we sum over all dumbells m = 1 to
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N:
N rN
FL,d(n, F, Z) = F F Fd(n, m, Ff, Z)dm =
m=1 J
=3F63 [[(N - n)2 + 2- _ [(N + n) 2 + Z2] 3 /2 ] (15.7)
where we have used the approximation that N is large enough that we can replace
the sum by a continuous integral from 0 to N. To find the total lift force, we perform
the summation over all dipoles n and again replace it with an integration:
FL = F L,dL,dn = 3Z3  N OF [[(N - n) + - N +n)2+ Z2 - c(5.8)
Since F1 , the overall force on the dumbbell, is the difference of the tension on either
side of the bead, we make the replacement of this force with its continuum analogue,
(OFT/On). This represents a "kernel" in which the form of the load profile is input into
the theory. In this paper we consider a profile that corresponds to shear flows with
the extended polymer at a small angle 9, however in principle other profiles may be
relevant in other situations. We incorporate the result (OFT/On) ; 67rra 24 sin (20)n.
Performing the integration, we get the result:
3. [2N2Z+Z3
FL,shear = 'yr sin (20) 2N 2 + z 2 (15.9)
16 |4N2 +2
For the far-field, we retain the proper PL,shear ~ 2- 2 scaling: L,shear s2r sin (20) -4
It is important to note that this far-field result also matches the N-scaling of similar
theories, such as the lift force result for rigid rods given by an equivalent approach used
by Sendner and Netz, once the N-dependence of the sin (20) term is fully accounted
for in a given situation [141. Below a crossover height Z* ~ N, however, there is a
near-surface regime where the lift force becomes non-monotonic and the full equation
15.9 must be used. This theory can now be related to any microscopic theory of
choice, with the geometrical parameters (N, a, r) corresponding to chain parameters.
15.4 Relation to Microscopic Theory
We can take the De Gennes model of a polymer in flow as a simple example of
how to convert a particular chain theory into the geometrical parameters used in
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the work here presented. A straightforward analysis can show that we obtain the
traditional scaling relationship between depletion zone Ze, and Weissenberg number
Wi found for the far-field dumbbell model. [20] We use the far-field result for shear
flow, FL,shear a- r sin (20) N, and make the following scaling replacements:
N ~ Wi (15.10)
n1/2b
a W !2 (15.11)Wil/2
sin (20) ~ Wi- 1  (15.12)
which are appropriate at intermediate values of Wi. [20] n is the degree of polymer-
ization, and b is the monomer size. The translation of r to rZ is done by noting that
r 77a 3/(kT) and rz ~yb3 r 3/2 /(kT). This leads to the result:
L ~Wi2 1 2  (15.13)
2
where all distances are now scaled by b. The depletion zone length Zde, is a critical
height which can be calculated by counterbalancing the lift force with the diffusive
force pushing the polymer back towards the surface, FS. This is a single-value param-
eter that is typically used in much of the previous literature to succinctly represent
the equilibrium concentration distribution near the surface. [2, 3, 7, 8, 9, 10] Since
there is a no-flux condition at the surface, yielding the condition (c/Z)2 0 = 0, we
can expand the surface concentration profile around Z = 0 to get a profile of the form
c(Z) = c(0) + AZ 2 + .-- where A is a constant. If we assume that only the quadratic
term in the expansion is the dominant contribution to the equilibrium concentration
profile, the resulting diffusive force is thus given by Fs ~ -Vc(Z) - -Z. The critical
depletion height Zdep where the diffusive and lift forces balance (Fs = -FL) is thus:
Zde,~ Wi 2/3 n1/2  (15.14)
which is the relationship given in the literature. [2, 3, 9] We add the caveat that these
scaling relationships are only appropriate in a finite range of Weissenberg numbers
at large distances Zdep from the surface, and is thus not universal. Separate anal-
ysis would have to be performed to obtain this sort of relationship under different
conditions, however the underlying geometric theory is completely general.
Order of magnitude calculations can be performed to relate the geometric param-
eters to the chain parameters. For example, this is done using the relationship (from
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the above scaling analysis):
2Wj 2nl2b (Tef f Nla (15.15)
z z
Using the values and relationships N = 10, Yreff = 0.01, and n 1/ 2 b/a ~ Wil/2, we
obtain the result:
Wi ~ 5 (15.16)
This is an order of magnitude result, but it demonstrates that the results presented
in this paper are in the relevant shear rate regime to see the effects indicated (lift and
depletion).
15.5 Results and Discussion
Our results are confirmed by Brownian Dynamics simulations on chains that are
extended parallel to a surface. These bead-spring models represent the effective blobs
that make up an extended polymer chain. For these simulations, we incorporate the
appropriate hydrodynamics by using the Rotne-Prager-Blake tensor and consider the
chain with both the absence and presence of thermal fluctuations.[18, 22] For these
simulations we use the force loading profile that corresponds to shear flow, which is
given by p(Pfr(Fi)/ofn) = -fr sin 20(ii,x - E2N ij,x/(2N)) (shown in Figure 15-2a).
In Figure 15-2b we plot the result of equation 15.9 for a shear flow for chains of
2N = 20, 50, and 80 with an effective shear rate of yr sin 20 = reff = 0.1. We plot two
types of simulations; open symbols indicate simulations where fluctuations are turned
off, and filled symbols indicate simulations with thermal fluctuations included. It is
clear that, especially in the limit of large N, the theory and simulation match well.
This plot demonstrates a non-monotonous lift force with two characteristic regimes
for this loading profile; the near-surface regime demonstrates an increasing FL with
Z, and the far-field regime demonstrates a FL ~ Z- 2 decay that is expected from the
far-field dumbbell model (plotted as dotted lines in Figure 15-2a). We can rescale
this graph for all values of N by rescaling Z -+ Z/N and PL -+ FL/N 2 to collapse all
of the curves for a given value of Teff onto a single curve. This is shown in the inset
of Figure 15-2. There are deviations between theory and simulation at small values
of Z due to the discretized representation of the chain in the simulations as opposed
to continuous representation of the chain in the theory. Numerical solutions of the
discretized version of our theory incorporating only a few terms more accurately
reflects the low Z behavior in our simulations, which is shown as a dashed line in
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1 10 100
Figure 15-2: (a) Load profile that corresponds to a chain in shear flow, which is placed
into the equation 15.8 to yield equation 15.9. It is described by 4(aFf(ifi)/an) =
tr sin 26(ii,. - E'N ij,x/(2N)). (b)Graph of the hydrodynamic contribution to the
lift force FL versus Z for a shear load profile. Solid lines show theoretical results,
dashed lines show the effect of bead-discretization at low values of Z, and dotted
lines demonstrate the far-field dumbbell results. Simulation data is also shown, with
filled symbols representing data without fluctuations and open symbols representing
data including fluctuations. These results collapse onto a single curve (inset) using
the scaling Z -- Z|N and F -+ F|N2 .
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Figure 15-3: (a) Concentration profiles highlighting the difference between the elon-
gated chain model (solid lines), the dumbbell model (dashed lines), and the far-field
dumbbell model (dotted lines) for a number of different shear rates near a surface
with N = 10 (given in terms of geometric parameters). The depletion region is often
considerably smaller when near-surface hydrodynamics and elongated chain geome-
tries are considered. While direct comparison of these results to Weissenberg numbers
is dependent on the specific chain model, a simple scaling model that incorporates
these values suggests they correspond to Wi ~1 - 10. All three cases correspond
to the same far-field behavior. (b) Probability distribution function for chains in a
sheared slit flow. The near-surface hydrodynamics, which are considered in the elon-
gated chain model, have the effect of greatly decreasing surface depletion in channel
widths on the order of the chain contour length. i(reff = 0.01 and N = 10, roughly
corresponding to Wi ~ 5 -10. All three cases correspond to the same far-field behav-
ior. Finite concentrations at Z = 0 in (a) and (b) occur due to a lack of divergence in
equation 15.9 and the neglect of a short-range excluded-volume potential at the sur-
face. (c) Diagram demonstrating roughly where the far-field approximation is valid
and where the near-surface effects need to be considered (extended-chain theory).
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Figure 15-2b. We expect that a real chain would more closely resemble the continuous
case, as the discretization of the chain is arbitrarily done to develop a convenient
simulation model.
The size and shape of the depletion layer near a surface can now be calculated using
equation 15.9. This is done by describing a potential of mean force UL = - f2 dZ.
If the only force acting on the polymer in the Z-direction is the lift force, we can write
the concentration c(Z) of a dilute polymer solution at height Z from the surface as
c(Z) = c(oo)eUL. We plot sample profiles for our model, for the dumbbell model
(where we use both the far-field result and the dumbbell result given by Hoda and
Kumar) for shear flow in Figure 15-3a. [9] There is a striking difference between these
two profiles, with drastic differences appearing due to the significantly lower lift forces
close to the surface using our elongated chain model rather than the dumbbell model.
We also predict a finite concentration at the wall, at least until steric or other short-
range wall forces become significant, since the effective lift force potential does not
diverge at Z = 0. These characteristics have been noticed before in experiments, with
depletion layer widths that are smaller than the predicted ones by as much as an order
of magnitude, and which are often accompanied by finite surface concentrations of
polymer.[1] Our model clearly provides an explanation of the origin of the difference
between experiment and previous theories, which do not adequately account for near-
surface hydrodynamics.
We can also consider flows in a slit, where two walls are present. If the slit height H
is on the same order of magnitude as the polymer contour length Na, we demonstrate
extremely large differences between existing theories and our elongated chain model.
Since we have introduced an expression for FL(Z, N, FT) that is based off a single
image chain, we simply need to consider an infinite series of image chains. For a slit of
height H, this becomes PLSi = YIO LP(jH/a+ Z, N, FT) - PL((j + 1)H/a - Z, N, T).
We plot a sample distribution function in a slit for our chain elongation model and
both the far-field and non-far-field dumbbell models in Figure 15-3b, where the far-
field behavior is held constant. While the two dumbbell cases are essentially identical
in this regime, there is a marked difference in the distribution function that results
from considering the elongated chain geometry.
These depletion layer calculations emphasize where our elongated-chain theory
provides a meaningful improvement over dumbbell-based models, which is at high-
shear and near-surface conditions. Higher shear rates result in a longer effective chain,
which increases the height Z* where there is a crossover from the near-surface to the
far-field regimes. This is demonstrated schematically in Figure 15-3c, which indicates
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the extent of the near-surface regime as a function of flow rate (shown here in terms of
the Weissenberg number Wi = ''rz, for ease of comparison with traditional literature).
15.6 Conclusions
In summary, we have developed an analytical expression for the lift force on a poly-
mer near a surface that significantly improves upon existing theories by accounting for
extended geometries. Computer simulations incorporating the hydrodynamic forces
were performed and confirmed these analytical expressions, which give rise to the
appearance of non-monotonic lift force behavior. This non-monotonic lift force be-
havior appears in a near-surface, highly extended regime, and it is not captured by a
dumbbell theory. Furthermore, our results have important implications for slit flows
in microfluidics and polymer adsorption, where the distance of the polymer from the
surface and its contour length are on the same order of magnitude.[15] Figure 15-
3b suggests that this result could be verified experimentally using the visualization
of the cross-channel distribution fluorescently-labelled polymers by applying strong
shear flows in narrow channels where this effect is particularly large. Cross slit flows
may also provide a tool to directly examine the lift-force on individual polymers.
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Chapter 16
Theory of Tethered Polymers in
Shear Flow: The Strong Stretching
Limit
16.1 Introduction
Polymer chains that are tethered to a surface by one end and extend outwards
into a fluid medium serve as a model system that has many well-known implica-
tions, particularly in the fields of polymer surface functionalization and microfu-
lidics. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] It is part of the broader field interested in charac-
terizing the interactions between polymers and surfaces, a motif which is ubiquitous
in polymer physics. [11, 12, 13, 14, 15, 16, 17] Early work on tethered polymer chains
was performed by De Gennes in the context of a larger paper on polymer brushes,
who described their geometry using typical Gaussian polymer statistics. [15] The ad-
dition of a fluid flow was further investigated by Brochard-Wyart, who used a scaling
Pincus-blob picture to describe the extended polymer chain. [18] Extension of this
picture to the case of a collapsed polymer globule is considered by the same author,
who described the existence of a "trumpet" structure. [12]
Experimental investigation of tethered polymers in shear was made possible by
the introduction of fluorescently-labelled DNA molecules, and drove a resurgence of
interest in this phenomenon. [19, 20] These polymers can be placed in flows controlled
by microfluidic channels, and studied via fluorescence microscopy. Initial work was
largely performed by Doyle, et al. who tackled the problem with a combination of
experiment, simulation, and theory. [3, 21] It was found that the extension of the
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polymer, given by the reduced extension parameter E = 1- RIL (where L is the chain
contour length and R is the projection of the chain along the flow direction) is linked
by a simple scaling law to the Weissenberg number Wi, which is a dimensionless
number that compares the rate of shear flow ' to the characteristic relaxation time of
the polymer r. [3, 21] Using a free-draining approximation, the result for a Worm-
Like Chain (WLC) is c ~ Wi-1/3 and for a freely jointed chain (FJC) is ~ Wi-2/3 . [3,
21] The WLC results appear to match the trends seen in experiment. [3, 21]
Subsequent work on the behavior of tethered polymers has focused on the dynamic
aspects first observed in the work of Doyle, et al. where the end of a tethered chain
appears to undergo cyclic motion [3, 22, 23, 24, 25, 26] that is reminiscent of the
"tumbling" behavior seen in free polymers in shear flow. [20, 27, 28, 29] This is
explained as a coupling between thermal fluctuations and the spatial variation in the
fluid flows, and the spectral behavior of this process has been widely studied. [3, 20,
22, 23, 24, 25, 26] This effect has been recently called into question, however, due to
the reproduction of the same trends using simple dimer models. [24]
Beyond the initial work by Doyle, et al., there has been little further discussion of
the equilibrium structure of a tethered chain in fluid flow. One notable exception was
a study by Serr and Netz on the structure of polymers undergoing deformation due
to pulling forces at one end of the chain, and the consequences this has on adsorption
propensity. [14] This situation is equivalent to tethered polymers in uniform flow,
however surface confinement and hydrodynamic interactions were neglected in the
aforementioned study. [14] In general there has been little investigation into the role
of hydrodynamic interactions, particularly hydrodynamic lift forces, on the equilib-
rium structure of the chain. This is widely dismissed as being of little importance on
the overall equilibrium structure, due to the elongated nature of the polymer chain,
and therefore only the effect on relaxation time (Rouse versus Zimm relaxation) is
considered. [22] In this article, we develop a theory to supplement the initial work
by Doyle, et al. by considering a chain in the near-full extension limit. In this case,
we consider a novel approach that treats the trajectory of the chain as a random
walk of perturbations from a completely stretched ground state whose step size is a
strong function of both the strength of the shear flow and the contour coordinate of
a given monomer. We utilize both theory and simulation to develop this analytical
description, and demonstrate how different conditions, in particular semiflexibility,
may be incorporated into this overall picture. We finally consider the effect of hy-
drodynamic interactions, and utilize recent theories on the hydrodynamic lift force to
show that there is indeed a drastic change in chain equilibrium structure at the tether
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point. [11] All theoretical results presented in this paper require no fit parameters,
and thus provide a quantitative description of the chain equilibrium structure.
Understanding tethered polymers in this limit has important implications in un-
derstanding the dynamics of a flow-induced adsorption/desorption transition, since
this can often occur at this high-flow limit. [14, 16, 30] Previous work has demon-
strated a nuanced competition between hydrodynamic lift forces and a flow-induced
"flattening" effect, and thus it is reasonable to assume that this case represents a
likely transition state between an adsorbed and desorbed chain. [14, 16, 31] In partic-
ular, we postulate the presence of a hydrodynamic lift force at the tether point which
may drive the desorption process through an "unzipping" mechanism.
Furthermore, it is beneficial to have a detailed understanding of tethered chain
geometries for a wide range of applications. For example, tethered polymers are
often used as decoration to impart chemical functionality or physical properties on
biopolymer surfaces. [6, 7, 8] This functionality is often coupled directly to chain
conformations, [6, 7, 8] which we demonstrate in this article can be predicted in
the presence of simple shear. The ability to know the spatial distribution of, for
example, the chain end as a function of shear could lead to predictive models of how
ligand-decorated surfaces interact with their surroundings in flows. [8] The case of a
tethered molecule is also important in the context of single-molecule manipulation,
which specifically aims to use flow to dictate molecular conformations in a controllable
way for technologies such as DNA sorting or molecular-level device creation. [9, 10]
In these applications, it is vital that a complete and accurate description of the
conformational behaviors and hydrodynamic forces is available.
16.2 Simulation Methods
We again use a Brownian dynamics bead-spring model to represent a polymer chain
tethered at a surface. In these simulations, we not only include the excluded volume
of neighboring beads but also an optional bending energy term and the excluded
volume of the wall. The form of the potential U is given as:
~N-1 12 6) ~ N-1
U - (ri+,, - 2)2 +i 2 ) - 2 ( )+ -R (Oi+1 - 0)2 + Uwall (16.1)
2 i=1 ii rFil rij 2 ;
where RB = KBa2/kT is the bending spring constant between two adjacent links at
angles 0 i+1 and O, f;, = r/a is the dimensionless distance between bead i and j, and
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U,,j is the wall potential given by:
-4ln (z-1) +4,i-8 i <2 (62Uwal = (16.2)
0 iz>:2
We note that this potential diverges at i = 1 since the center of mass of a bead of
radius d = 1 that is flush with the surface at i = 0 is at i = 1. This is a soft potential
that only takes effect at points very close to the surface. It has been verified that the
exact shape of this potential has no profound effect on the properties of the tethered
chain, so long as the potential remains repulsive and local. The tether point was
created by fixing the position of the first bead of the chain at i = 9 = 0 and z = 2.
We organize this chapter into two main sections: first we present a theory section
where we derive the main theoretical results, and there is a subsequent discussion
section comparing the theory to simulation results.
16.3 Theory of Strongly-Stretched Chains
To develop this theory, we first derive the most simple case of a Freely Jointed Chain
(FJC) with no hydrodynamic interactions(HI). The incorporation of semiflexibility
(WLC characteristics) and HI will be subsequently considered.
16.3.1 FJC, no HI
The overall picture of a tethered chain in the highly-stretched limit is demonstrated
in 16-1. We assume a geometry of a stretched chain that is in a ground state that is
completely straight chain of N beads of radius a that is tethered at a distance zo from
the surface. The surface is at a height z = 0 and extends outward in the x - y plane.
Viewing the polymer chain along its fully stretched axis, we can consider perturbations
of a given link of index n, where n goes from 1 to N along the z and y directions with
a distance of magnitude Al_ and Al, respectively. Locally, these perturbations are
essentially cylindrically symmetric, and constitute a randomly oriented step of length
Al(n), which is a function of the distance along the polymer contour n. From this
perspective, the geometry of the polymer can be described as a random walk from
the tether point at height zo, and its time-averaged equilibrium distribution function
in the z-direction can be described by the straightforward solution of the diffusion
equation that describes a point source near a surface. The form of this equation is
the traditional Gaussian distribution centered around zo with an image distribution
360
at -zo to account for the no-flux and complete depletion boundary conditions at a
surface at z = 0:
-(z-z )2 -(z+z )2
P(z, n,{, zo, {z.}) = C(e02sWFz _ e- 2.tjz, ,) (16.3)
where P(z, n, 4, zo, {z.}) is the probability distribution function in the z-direction, C
is a normalization constant, - is the shear rate, and Sn[j, {z,}] is a functional that
describes the width of the distribution along a given direction (for a simple Gaussian
distribution, this would be the square of the variance):
Sn[y, {zn}]= f (Al2 )(n', -, znr)dn' (16.4)2 o
where (Al 2 )(n', 4, znr) is the mean squared displacement at index n' and {zn} is the
set of z coordinates for every bead index n. We note that, if (Al 2) is constant, we
retain the well-known result for a random walk S,[4, {zn}] = n(Al 2 ). For the case of
a tethered chain, however, (A12) is a function of the location along the contour of the
chain as demonstrated in 16-1.
In the case of a FJC, we expect the major driving force towards the completely
stretched ground state is the tensile force FT along the chain (as opposed to chain
rigidity, which we will account for in the next section). 16-1 provides a schematic of
this driving force, which can be described as a torque TT that is a function of the
bond angle with relation to the surface plane 0. This is given by:
Tn = -2FT,n sin 0,a (16.5)
where we have introduced the subscript n to reinforce that these are local variables
that can change as a value of position along the chain contour n. This can be inte-
grated over 0, to yield the associated energy Un:
U= f 2FI sin d'~ F0,'OO (16.6)
where we have now replaced all values by their dimensionless counterparts. The end
result of the above equation is due to the crucial approximation in this treatment of
the tethered polymer, which is that On always remains small. This will be true only
in the high shear limit, and this is ultimately what prevents this approach from being
relevant over all values of 4. This approximation is necessary to develop an analytical
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partition function q, of bond n, which is given by:
7r/2 -0 02-
gn = el" --""d6 I OnT de-rn = 1
0 2rn (16.7)
where we have assumed that FTn is large enough that the upper limit in the integral
can be taken as oo rather than 7r/2. We include an entropic term In n that accounts
for the linear increase of degeneracy with On. It is straightforward to calculate (Al 2),
with this approach:
4 0o 4
(AI)n N - f 3-PrnOld6 =- (16.8)
qn 
-PFrn
The only variable thus required is the tensile force FT, at index n. In its most
general form FT,n is a functional PTn[i, {zn}] that depends on the overall contour of
the chain:
~ N
FT,n[, {Zn}] = fFF,n'(, zn')dn' (16.9)
where PFn(, zn') is the force exerted by the flow on a bead of index n'. Thus, the
tension force at a given point along the chain is determined by the trajectory of the
chain beyond that point. This is difficult to solve in an analytic fashion, however in
the limit of highly stretched chains we can assume that the trajectory will be nearly
flat along the surface. This means that there is some average height J that remains
roughly constant along the length of the entire chain. By assuming this geometry, we
obtain a simple relationship for the fluid force on a given location along the chain:
=Fn ird =,-f (16.10)
where we are dealing with the FD case, y = 1. We can then create a final form for
(Af 2)nz:
(A)n,z 4(16.11)
yd(N - n)
This is incorporated into the equation for Sn[4, {En}]:
Sn[, {zn}] = - f ~ dnn= - In (16.12)
2 0W( N - n') Wd N- n
and finally:
P(i, n, , o) = C(e h - e - d (16.13)
A final form of this probability enables the calculation of the mean trajectory of the
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Figure 16-1: Schematic demonstrating the geometry of the tethered chain and the
definition of the relevant variables. When a tethered chain beginning at height zo
from the surface consisting of N links separated by distance 2a is in a strong simple
shear flow, the chain lies roughly parallel to the surface plane in a direction here
defined as the x direction (top left). In the z - y plane, the chain appears to undergo
a random walk from the tether point with increasing step size (Aln) with increasing
n (bottom left). In this theory, this distance (Al2) is calculated by developing an
analytical expression for the partition function of an individual link as it undergoes
an angular perturbation On from the horizontal ground state (right). This energy
associated with this is due to the torque T applied by the chain tensile force FTn. A
bending energy constant rB can also be introduced to consider correlations between
adjacent values of On.
polymer:
zP(i, n ,odz -o()(n) = A * n, , zo)dz = o erf N (16.14)
This is essentially the result for a tethered polymer in a homogenous flow, with a
velocity of ~yd, due to the original assumption of constant d. To obtain the correct
result for shear flow, we must relax this assumption self consistently. We still assume
a linear force profile given by the combination 16.9 and 16.10, but now replace the
average value of d with the actual height at that location, (z)(n). The introduction of
this into 16.13 yields a new 16.14, and this process can be iterated until convergence
is attained.
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16.3.2 Influence of Semi-Flexibility
The previous section assumed that the energy associated with the perturbation of a
single link from a fully stretched orientation is completely due to the fluid flow. Semi-
flexible polymers, however, may also have a bending energy associated with a change
in orientation. The method given above for determining the partition function of an
ideal chain can also be adopted for the case of a semi-flexible chain. We introduce a
variable RB that describes the bending energy of a given bond with relation to the
previous bond:
UB,n = B(O41 - On)2 (16.15)2
A summation of bending energy over the entire chain yields the result:
N-1 N-1 N-1
Z UB,n = E (n+1 - = Z (kBOn - RB~n+10n) (16-16)
nn 2n
While this is a straightforward rewriting of the summation, it demonstrates one im-
portant characteristic of tethered semi-flexible polymer chains; namely, the bending
energy produces a correlation effect on adjacent beads (shown by the second term in
the far right manifestation of the summation). This problem has become very difficult
to solve due to the existence of these two-link interactions. To allow for an analytical
solution, we use a mean field approximation and replace the value On,. with ( 2
which is the root mean square angle for a flexible chain. We can then write the entire
energy of any given link:
0 = (RT,,( + 2)1/ -   = (Ff+ k)O-- ), = AOn - BOn (16.17)
where in the last step we define the values A = FT, + KB and B = kB/F,2. We
define a ratio that compares the mean square angle (On2)o of a chain where B = 0, and
the mean square angle (2) where B * 0. This constitutes a correlation factor that
describes the additional directional correlation imparted by the bending energy:
2) 3 +BOn dO* 1e+hn 9eY2(1 - erf (y)) 2
-I + y (16.18)
(OR~o ~f~Oe ^d n 2(1 + vye 2 (1 - erf (y)))
where y = B/(21/A) is a dimensionless comparison of the energy associated with the
bending correlation to the energy associated with the uncorrelated perturbations.
For the polymers in this article, where the fluid flow is large and the chain is highly
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elongated, we can take the limit y -+ 0:
(O%) da
(0 1 + 1 / 2  (16.19)(DRO 4(F2, + -PT,R)1/
This can then be incorporated into the calculation of Sn[4, {z,}]:
1 rm (92)
Sn[4, {z}] = - (A 2 )(n', i, z,) 2)(n', 4, z.,)dn'= (16.20)
1 n 4 RB
= -I ~ [1+ -] ~~dn' = (16.21)2 4d(N - n') 4((Qd(N - n')) 2 + 4d(N - n')RB)1/ 2
= A 2 N 1+ - 1~)+V-)9-BN1)J (16.22)
d \N-ni \ i(N - n) -' dN
This result can be incorporated into 16.3, in the same fashion as in 16.13. Further-
more, this equation can be incorporated into the equation for the average trajectory
of the chain calculated for the FJC in 16.14:
(i)(n) =.zo erf o2 ] (16.23)
which again allows for a self-consistent treatment.
16.3.3 Effect of HI
Traditionally, the effect of hydrodynamic interactions on, tethered polymers has
largely been considered negligible. [21, 23] This is due to the low density of poly-
mer along the chain, such that screening is not a large effect, and the major dynamic
effects (due to Rouse versus Zimm relaxation time scales) are incorporated naturally
by considering the Weissenberg number, which scales all times by the chain relax-
ation time regardless of the theory used. [22] We can incorporate these effects into
our theory, and identify a "tether kink" that constitutes a previously unidentified
structural feature that is solely due to the hydrodynamic interactions between the
polymer and the surface. This is due to the hydrodynamic lift force, an effect that
has proven to be influential in near-surface hydrodynamics in work throughout the
past decade. [40, 11, 13, 37, 16, 5, 38, 39] We can incorporate the elements of recent
near-surface hydrodynamic lift force theory into our theory of tethered chains in a
straightforward manner. [11]
For polymer chains that lie along a plane that is parallel to the surface plane, it
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can be shown that the lift force at index n, FL,n is given by the equation: [11]
N
FL,n = Z , (16.24)
where the mobility describing the effect of force FA on the lift force FL,n is given by
= -9r2 3 (r2+ 4c2)- 5/2 where r2 is the x-distance between bead i and a bead at
position n along the chain contour. [11] 16-2 demonstrates the main force balance that
takes place on a given bead, with the tension force gradient (9FT,an) 7if = PF,n
providing a net force in the x-direction and the lift force FL,, = N fai-5f providing
a net force in the z-direction. We introduce a variable f that accounts for the lower
effective shear force due to screening. This is a quasi-emperical parameter, but it will
be sufficient for our purposes since most beads are in similar environments. Simulation
verification of the validity of this assumption is given in the next section. We can
then calculate the angle #n that a given bond will be at by the equation:
$L n ... Ln =9d3 N (n _#n = arctan ~ '~~' - E (16.25)
FF,n FFn 16 i=1 ((n - i) 2 + d2 ) 5 / 2
A notable feature of this result is that, as long as the assumptions are met (highly-
stretched chain limit), the trajectory of the tethered chain at the tether point is
independent of the shear rate since both the lift force and chain tension gradient are
proportional to 4. We can incorporate this feature into the previous formula given
for the average z-coordinate of an index n:
n
(z)(n) = E 2a#n, + 4o erf (16.26)
n'=1 2Sn[y,
In the case of a continuous representation of the chain, the summations would simply
be replaced by integrals.
16.4 Discussions
Brownian dynamics simulations were performed to verify the validity of the analytical
theory presented in the previous section. Each simulation ran for > 108T, to ensure
that good averaging was achieved. The polymer was tethered at a point zo = 2a
above the surface, and the potential diverges such that a given bead never falls below
a distance a from the surface. To accomplish this, the potential used is a soft one so
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Figure 16-2: The introduction of hydrodynamic interactions into the geometry of a
tethered polymer is accomplished by considering the lift force FL,,, on a segment n
as it compares to the net force of the flow FFn ; FT,n - FT,n.l on the same segment.
The ratio of the two forces FL,n/FFn describes the direction of that given segment
#n. There is a resulting z-displacement 2a#5 that can be added to the contour of the
non-hydrodynamic interacting chain to yield the chain trajectory. This results in a
characteristic "tether kink" like the one shown in this figure.
there is a range of values 0 < zo <1 that may be obtained depending on the overall
distribution. For most of the result data, N = 50 and 0.1 <-y < 10. This ensures that
the chain is in its strongly-stretched limit.
For the initial state of our theory, we choose an approximate force profile:
FT,n= f -,idn' P d(N - n) (16.27)
that represents the tensile force along the chain for a completely straight chain. This
assumption can be relaxed by self-consistently solving for z, by using 16.14 and 16.12.
This is a well-behaved solution method, since we can show via simulation data that
the approximation shown in 16.27 is very close to reality. We demonstrate this in
16-3, where the force versus index plot is shown for a wide variety of for both the
FD and HI cases. Ft lines representing 16.27 are shown to match well for both cases
using the values d= 2 for (a), and d= 3 and f = 0.7 for (b) (see figure). We note
that this result becomes increasingly accurate as the shear rate j gets large, due to
the approach of the system to its completely stretched ground state. The choice of
this ground-state geometry to describe the initial values for the set {i,} of all the
z-components of the chain contour is therefore a natural one.
This initial condition is used to determine the values for S[,, {}], (z)(n), and
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Figure 16-3: The tensile force FT,, as a function of the link index n for a number of
shear rates *y. Simulation data is given by the points, and theoretical predictions are
given by the lines. Results for freely-draining (a) and hydrodynamic interacting (b)
are shown, with d = 2 used for FD and d = 3, f = 0.7 used for HI. Values for d are
chosen based on simulation observations.
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Figure 16-4: Normalized probability distribution functions P(z, n) as a function of
the z-position of bead n for tethered chains in shear flows of i = 1.0 (a) and 4 = 10.0
(b). Theoretical predictions are shown by lines, and symbols represent simulation
data. Due to the soft wall potential and excluded volume interactions, the surface
is effectively located at z N 1.5, so zo is chosen to be zo = 0.5. Excellent agreement
between simulation and theory is observed, with no adjustable parameters.
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P(n, i) using 16.12, 16.13, and 16.14. A comparison of these equations and the theo-
retical values for these metrics can be made to simulation data. For a freely-draining
polymer that is a freely-jointed chain, we demonstrate these comparisons in 16-4 and
16-5. 16-4 demonstrates a complete fit between the theory and the z-direction prob-
ability distribution function for a wide range of values of n and - =10 (16-4a) and 1
(16-4b). For both cases, it is clear that a quantitative prediction can be made using
this theory, with the only significant differences between simulation and theory oc-
curring at values of high n and low z. At these points, there is a larger than expected
presence of the bead near the wall. We attribute this to two reasons: the soft poten-
tial used in modeling the wall in the simulation, which we expect would disappear by
considering a much steeper wall potential, and the assumption of a linear force profile
along the chain, which is less accurate at high values of n. This deviation is rather
minor, however. In 16-5a we see that there is quantitative matching between the av-
erage chain trajectory given by both theory and simulation, without any adjustable
parameters. Deviations are only seen at high n, due to the same effects described
for deviations in 16-4. This excellent agreement remains even at relatively low shear
rates, demonstrating that this method offers robust prediction of tethered polymer
geometries. We plot in 16-5b the theoretical values of S,,[*, {z,}] as a function of
n for a number of shear rates -. This represents the time-averaged underlying ge-
ometry of the tethered chain, where a time-averaged cloud representation of a chain
displays a cone-like shape at low values of n (near the tether point) that transitions
to a bell-like flare at n ~ N. This is indeed seen in simulation, as shown by a direct
qualitative comparison of theory to a cloud representation of simulation data in 16-6.
This general shape is furthermore seen universally in both experimental and simula-
tion data from other sources, which qualitatively supports our theory (comparison of
our theory to the images by Lueth and Shaqfeh is particularly striking). [23, 21]
While a majority of these results are given for chains of N = 50, we can show
that these results demonstrate the appropriate behavior even at other values of N.
In 16-7, we plot N = 50, 30, and 20 for a number of values -. The same theory is
incorporated into these results, and likewise quantitative matching is achieved with
no adjustable parameters. We see that the fit is not as good at lower N, which is
expected since the linear force profile assumption becomes less accurate in this limit.
The incorporation of semiflexibility into the theory also matches quantitatively to
simulation results. 16-8 demonstrates the average trajectory (z)(n) vs. n of tethered
polymers for a number of shear rates 4 and bending energies iB. Unsurprisingly, the
effect of rigidity on the polymer increases with decreasing shear rate. This is due to
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Figure 16-5: The mean trajectory of this polymer is shown in (a) as the (i) versus
n, for both theory (lines) and simulation (symbols) for a wide range of '. With no
adjustable parameters, it is clear that this theory is applicable over a wide range of
shear rates, with the only apparent deviations occurring at large values of n. We
attribute this to the soft wall potential, which results in a larger than expected tail
in P(i, n) at low-z at large values of n. Error bars are shown when the error is larger
than the symbol size. (b) The mean square distance from the tether point, Sn[4, {}]
plotted as a function of the bead index n for a number of values '. This gives an
indication of the overall shape of the equilibrium, averaged polymer structure.
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Figure 16-6: Plot of /Sn[i, {2}] as a function of n for a tethered polymer N = 50 and
- = 1.0. The simulation of the same polymer under the same conditions, represented as
a cloud of a large sample of visited points, is positioned below this graph and is viewed
from the top-down (along the z axis). Theory predicts that the "cone" geometry of the
cloud and the plotted line should follow the same curve shape. Qualitative matching
can be observed upon direct visual comparison.
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Figure 16-7: Average trajectory for a surface-tethered chain ((z) vs. n) in a wide
range of shear flows i for a number of chain lengths N = 20, 30, and 50. Quantitative
agreement between theory (lines) and simulation (symbols) is seen for all values of
N, verifying the general validity of this theory. Error bars are shown when the error
is larger than the symbol size.
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Figure 16-8: Average trajectory for a surface-tethered chain ((z) vs. n) in a wide range
of shear flows i for a number of chain bending constants RB. There is quantitative
agreement between theory (lines) and simulation (symbols) for all values of ~ and
KB, with the graph displaying the intuitive feature of having the largest geometric
differences at high n and low i. Error bars are shown when the error is larger than
the symbol size.
the correlation of bonds along the chain at high bending energies; the increased values
of (On) bias the partition function function through the introduction of the term that
is linear in O, in 16.17, B = kBIF . The form of this term is noteworthy in that it
compares the bending constant KB to the constant associated with the flow-induced
straightening FT, which is a function of n. At low n, the latter term is large and
thus the difference between the FJC and the semi-flexible chain is negligible. There is
only a difference, therefore, once the condition is met that B ~F , which occurs at
large n. This agrees qualitatively with the form of the traces in 16-8, where there is
a difference between chains with different RB values only at the far ends of the chain.
The incorporation of hydrodynamic interactions into the simulations is also demon-
strated, and we can verify that there are indeed features that are characteristic of
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Figure 16-9: Average trajectory for a surface-tethered chain ((z) vs n) for a number of
shear flows ~y upon the introduction of hydrodynamic interactions. Theoretical results
(lines) and simulation results (symbols) match quantitatively, in similar fashion to
previous results for FD-chains. The major difference in this plot is the presence of
a universal "tether kink" at low n values, which is a result of the hydrodynamic
lift force. The opposite of this behavior, due to the antisymmetric nature of the
hydrodynamic lift force, is seen to a lesser extent at large n where the chain end is
pushed downward. Hydrodynamic screening is also present, and a value f = 0.7 is
used to calculate the theoretical lines as determined from the results in 16-3. Error
is smaller than the symbol size.
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chains with HI that are not present in FD chains. This is shown in 16-9, which plots
the trajectory (z)(n) versus n. While it is clear that the same general trends are
followed in the overall chain trajectory compared to the FD case, HI effects impor-
tantly modify the chain behavior in the low-n trajectory. For the curves that are
shown, it is apparent that this trajectory is universal and not effected by changes in
~y. This is predicted by the theory, which again demonstrates quantitative matching
with the simulation data. We stress that this universal trajectory is entirely due to
the geometrical parameters, and the lift force only plays a major role at the ends of
the polymer due to the semi-infinite geometry. Away from the ends, a given monomer
feels the effects of surrounding monomers that appear to extend quasi-infinitely in
both directions, and therefore feels no lift force due to the anti-symmetry of the HI
tensor around a point force. It is also important to note that a discretized calcula-
tion is done in this case; in the case of a real polymer, we expect that a continuous
representation would be more appropriate. Finally, we can incorporate in an effective
manner the effect of screening on the polymer chain. This is apparent by considering
16-3, which shows that the force profile along the chain is approximately linear, much
like the case of a FD polymer. The presence of HI, however, results in considerable
screening effects such that a "screening factor" f describes the potency of the shear
flow. From fitting the simulation data in 16-3, we obtain the result f ~ 0.7, which is
what is successfully used in the above theory.
16.5 Conclusions
We have developed a model describing, without adjustable parameters, the geometry
of a polymer that is tethered to a surface in the presence of a shear flow. This model
accurately reproduces simulation results for both the average trajectory of the chain in
space and also the time-averaged spatial distribution of monomers around this average
trajectory. When hydrodynamic effects are included, a previously unobserved "tether
kink" feature is predicted.
The theory described in this chapter is based on the idea that a tethered polymer
that is held in shear flow can be well-represented by creating an analogy with point-
source diffusion near a surface. As long as the partition function of a given link can be
represented as a function of n, an analytical expression for the distribution function of
the z-coordinate can be developed in a self-consistent manner. This theory provides
quantitative predictions for chain geometry as a function of shear rate ~ by considering
the partition function for the deviation of individual bonds from the fully stretched
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ground-state in a freely-jointed chain, and then treating these deviations as steps in a
random-walk diffusion process from the tether point. A simple mean-field type model
is used to account for short range correlations between adjacent links in the case of
a semi-flexible chain. The model used for semiflexibility in these simulations can be
translated into the parameters of a worm-like chain in a straightforward manner. [41]
The deviations of this chain from the FJC is captured by the dimensionless value
of the parameter B, which compares the energy associated with bending energy to
the energy associated with fluid flow drag forces. Finally, the effect of hydrodynamic
interactions is incorporated into the model by considering the implications of screening
and lift forces on the equilibrium structure of the tethered chain. We develop theory
and simulation to describe the universal "tether kink" geometry and demonstrate
that it is independent of shear for high shear rates.
Tethered chains in the presence of a shear flow is an important problem that has
implications in surface functionalization, microfluidic control of single-chain polymers,
and perhaps most importantly, adsorption phenomena. This article introduces impor-
tant effects for the latter, especially. It has long been known that the adsorption and
desorption of chains in the presence of fluid flows involves a competition between hy-
drodynamic lift and favorable surface interactions. [16, 31] Since a partially adsorbed
chain resembles the geometry of a tethered chain, our results elucidate the forces
present on such a chain due to the hydrodynamics. In particular, a full accounting
of the lift force in the context of this geometry shows that its effect on a chain will
only be upwards and non-negligible in the vicinity of the tether point. This means
that there is no lift force to prevent readsorption of the desorped chain segment away
from the tether point, and in fact our results reveal that the "lift force" is actually
towards the surface at the free chain end such that readsorption may be enhanced.
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Chapter 17
Adsorption and desorption
transitions for collapsed polymers
in the presence of shear flows
17.1 Introduction
A large amount of characterization has been done throughout the past few decades
to theoretically describe the conformational behavior of polymers near surfaces with
attractive potentials. [1, 2, 3, 4, 5, 6, 7, 8] Much of the early work on these systems
was performed by De Gennes in a number of landmark papers on the equilibrium
characteristics using simple self-consistent field theory and scaling arguments. [1]
The widespread use of computer simulations to study polymers has resulted in a
large amount of simulation and theoretical papers that support and supplement
these original theoretical ideas. [9, 10, 11, 12, 13, 14, 3, 15, 16] Common tools, es-
pecially Monte-Carlo methods, have provided a thorough characterization of these
chains in the equilibrium case, however are difficult to characterize in the context
of dynamical processes. [9, 10, 11, 12, 13, 17, 6, 14, 18, 19, 20, 21, 3, 15, 16] It
has been shown in a number of experimental investigations that the response of
adsorbed chains to fluid flows is a dynamic process of primary importance from
an application point of view. [22, 23, 24, 25] The past decade has seen a large in-
crease in the number of simulation investigations into the behaviors of polymers
near surfaces that are also under shear flow by using simulations that more accu-
rately represent the time-evolution of these molecules, such as Molecular Dynamics
or Brownian Dynamics (BD) simulations. This has slowly yielded a more accurate
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picture of polymer adsorption and desorption phenomena, particularly with respect
to the understanding of hydrodynamic effects on stretched polymers near the sur-
face. [26, 27, 21, 20, 19, 6, 17, 25, 28, 29, 30, 12, 31] It has become clear that the
conformation of adsorbed polymers are more elongated in the presence of large shear
flows, and the existence of a hydrodynamic "lift force" begins to dominate the state
of the system. [32, 17, 31, 29, 21, 26, 27, 33, 28, 20, 19, 18, 30, 6, 34] Only recently
has theory attempted to introduce this lift force into a unifying theory, with work by
Hoda and Kumar providing an initial idea about what this theory might look like in
the context of a dumbbell calculation and Sendner and Netz providing a conceptual
picture from simulations of bead-rod chains. [26, 27, 19, 6]
Concurrently to the theoretical work on adsorption and desorption transitions,
there has been a great deal of interest in the physics of single biological molecules. [54,
37, 36, 8, 39] The complexity of the physics governing molecules such as DNA and
proteins is starting to be widely-appreciated and serves as a template from which
we can develop useful ideas of single-molecule manipulation. [35, 36, 8, 37, 23, 38,
39, 25, 29, 40, 2, 31] The current work stems from interest in the particular pro-
tein von Willebrand Factor (vWF), which is an integral part of the blood clotting
cascade. [41, 42, 36] vWF is interesting due to the regulation of its functionality by
the application of fluid flow, where large conformational changes are known to oc-
cur. [41, 42, 36] Previous theory based on a simple collapsed homopolymer model
has elucidated much of the physics governing these conformational changes, demon-
strating qualitative matching with experimental observations in-vitro. [43, 44, 45, 36,
46, 47, 48] While these behaviors have now been extended to arbitrary flows in an
infinite solvent medium, we expect there to be large differences upon the introduction
of an attractive surface. [48] This is the case that is truly required for understanding
of the behavior of vWF, which demonstrates counter-intuitive absorption behavior
(high adsorption at high shear). [36]
While a lot of research has focused independently on either polymer adsorption
or collapsed polymers in dilute solution, only a brief mention of the behavior of
adsorbed polymer globules in shear has been made in the literature. [19] In this article,
we present a detailed mapping of the conformational characteristics of an adsorbed
homopolymer in the collapsed state. A number of parameters are considered, and
consequently a few characteristic regimes of behavior are identified. We provide a
theoretical explanation to complement the simulation results that clearly distinguishes
these regimes based on the competing entropic, cohesive, and hydrodynamic forces
present in the system. Many of these results build off recent advances in both globular
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polymer dynamics and the lift force in the near-surface limit. [43, 48, 34]
17.2 Simulation Methods
To simulate a polymer near a solid attracting surface, we use Brownian Dynam-
ics (BD) simulations with hydrodynamic interactions. BD simulations involve the
numerical integration of a bead i at location ii through the discretized Langevin
equation:
Af A - u Ci 2Aijj~j (17.1)
where = (f- 3.0)(fz, - 3.0) is the unperturbed velocity field for a shear flow
of magnitude ~i that starts at fz = 3.0 (B indicates the standard Heaviside function),
ptu is the hydrodynamic mobility tensor, ( is a random force, and 0 is a potential
determined by the system configuration. Values indicated with tildes are rendered
dimensionless by comparison with the bead radius a, thermal energy kBT, and the
diffusion time of a single bead 67rras/(kBT).
The potential U comprises of a number of contributions:
U = ULJ + S + + UW (17.2)
which represent the Lennard-Jones (LJ) interactions, chain connectivity, surface binder
interactions, and wall potential respectively. The LJ interaction potential accounts
for both excluded volume and chain self-interaction effects, and is written as:
=E -((2)122 (2)6) (17.3)
ij fi ij
where fi is the distance between beads i and j, and ii is the parameter that controls
the depth of the potential. This is a traditional interaction potential, and its effect on
the collapse of bead-spring and bead-rod polymers is well-documented. For N = 50,
it is known in the literature that ii = 0.41 will yield a e-polymer and i > 0.66 will
yield a collapsed polymer. [45, 46] Chain connectivity is ensured by the application
of stiff harmonic springs between beads of adjacent index:
- N-1
Uis t t b - 2)2 (17.4)
2i=1
where R is a spring constant that is taken to be R = 500, which results in negligible
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chain stretching, making these simulations effectively based on a bead-rod model.
The binding interactions U represent the attraction of the polymer to the surface.
Except where indicated, we consider a surface that contains a selection of nB separate
"binding sites", each characterized by an interaction parameter f2 B. These binding
sites are randomly placed at locations defined by the coordinates (2, y, 3.0), where
(2 is a random number between -50 and +50 and (, is a random number between
-20 and +20 to yield a binding surface that is 100 x 40. Placement of binders is
constrained such that no binder is within a distance 2 of another binder. Periodic
boundary conditions are used so that the polymer is always over the binding surface,
however hydrodynamic and LJ interactions of the polymer with itself are not periodic.
This essentially means that the specific binder distribution is the only periodic aspect
of this simulation. The overall interaction potential is given by:
~ N nB 2 12 ( 2 6)
UB = i(B ~ ~) 2 (17-5)
This has the same form as the LJ interactions used between beads, however the
binders do not have any excluded volume but rather are manifested as spherically
symmetric potential wells that are approximately the same size as a monomer bead.
The lack of excluded volume allows us to avoid effects due to surface topography, and
permits the use larger time steps (Ai = 1x 10-4 for our simulations) so we can simulate
for longer times. The number nB and strength of the binding fB are independent
variables, however we characterize the binding strength by a single parameter p =
6BfnB/4000 that represents the mean-field surface energy between the polymer and
the surface. We can change the distribution of surface energy by keeping p constant
and changing nB, and can even integrate the above expression to develop a completely
smooth interaction potential for the surface:
Ssmooth = N (2+ 11ib,z)(2 + fib,z 2 )12 6(2+5fib)(2+ 2 )6]
UB - E - (2 rs22 is,z)-5 i 11 krib,z+2 ri2,z+2
(17.6)
where fib,z is the z-distance between the binding plane (i = 3) and bead i.
Finally, we use a soft repulsive potential Uw to prevent the polymer from passing
through the surface:
= iz+ 17)7(3 - fi,) (17.7)
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where :(x) is the Heaviside function and f2 is the z-position of bead i.
The form of the hydrodynamic tensor pi has been demonstrated to be of critical
importance, especially near to the surface, for a number of reasons. For dense systems,
such as the interior of the globule, it is known that screening effects essentially render
all applied hydrodynamic forces (in this case, shear flow) negligible. [49, 45, 46, 48]
This has been shown to suppress certain modes of stretching in collapsed polymers,
and drastically changes the relaxation dynamics of coiled polymers. [49, 45, 46, 48]
Furthermore, the surface can not only enhance screening, but can lead to hydrody-
namic lift forces, which have been shown to greatly affect the distribution of polymers
near surfaces. [32, 31, 29, 25, 33, 28, 30, 6, 34] Both of these effects are extremely
important for our current investigation, so we use the Rotne-Prager-Yamakawa-Blake
hydrodynamic tensor, which is calculates the velocity field due to a force on a finite-
size sphere next to a surface. [50, 51, 52, 53] The form of this tensor is outlined in
a number of recent works, and is accurate at distances greater than ca. ~ la from
the surface. [19, 34] Since the binder plane is 3a from the surface, the Blake tensor is
sufficiently accurate of our simulations.
17.3 Theory and Results
Using a combination of analytical theory and simulations, we can largely map out the
conformational and positional response of a single polymer molecule to the application
of the fluid flow. We will cover a number of transitions and behaviors, which all
manifest themselves largely within a span of slightly more than one decade of shear
rate ('~ 0.5 - 5), and thus a nuanced balance between various behaviors is observed.
17.3.1 Surface-Induced Globule-Coil Transition
At the limit of y + 0, we can observe equilibrium transitions between different polymer
conformations depending on changes in the energetic conditions. For a Lennard-
Jones polymer (the model that we use), it is well known that increasing the LJ
interaction parameter ii will lead to a collapse of the polymer chain from a e-coil
with a random walk geometry to a collapsed globule. [45] Previous work on this type
of system is substantial, since it is postulated that the collapse transition dynamics
provides clues to the physics governing protein folding. [54, 55, 56, 57, 58, 45] We can
additionally show that there is an analogous transition when a polymer is confined
to an attractive surface, which is conceptually related to a wetting-dewetting type
385
a) b)0.40-
0.35-
0.30-
B 0.25 
-
0.20
0- ~xtensi~h01 0.15
A ii,0.10
0.00
fB 0.0
P < 3 P> P 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Globule Coil
Figure 17-1: (a) To characterize the surface-based globule coil transition, we consider
two states, a globule state and a coil state (shown schematically here). The free
energy F of the globule is related to its cohesive energy Au, along with a small
contribution from the surface interaction p. P of the coil contains contributions from
the energy cost to confine the polymer to a distance D* from the surface and the
energy gain from having a fraction fB of the monomers interacting favorably with the
surface. The conceptual picture of the transition is that for a given globule cohesion
Au, there is a critical surface attraction ;3* where the free energy of both states are
roughly equal. This is a broad transition, but extrapolation from the pure cases
provides a straightforward conceptual picture of the phenomenon. (b) The use of the
Flory/DeGennes scaling theory for adsorption at a weak surface is justified in our
simulations. Here we plot the simulation results for the fraction of bound monomers
fB for the weak value of i ~ 0.41 as a function of surface interaction parameter pi.
The linear relationship is predicted by the theory, and seen in the simulation. There
is an offset from this linear relationship, with fB -- 0 at ; > 0, which we attribute to
the initial entropic penalty of confining the polymer at the surface.
behavior at larger scales. While this type of transition has been postulated before,
we provide a straightforward theoretical picture that provides the context for much
of the rest of the theory and accurately describes the simulation data. [14]
To characterize this transition, we extrapolate its position from the two extreme
cases: an adsorbed e-coil and an adsorbed globule, whose energy we can represent
in terms of both the polymer interaction parameter ii and the surface interaction
parameter pi. There is a competition between these two parameters since the adsorbed
globule state maximizes self-interaction (ii) at the expense of surface interaction (p),
and vice versa for the adsorbed e-coil. The adsorbed e-coil is therefore analogous
to a wetted droplet, albeit with different geometric properties. We illustrate this
conceptual picture in 17-la.
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We can write the free energy FG of the globule, where each monomer has an
average of z neighbors:
FG = -NzAii - NA7r; (17.8)
where NA is the number of beads attaching the globule to the surface, As = ii - s
subtracts out the portion of the interaction energy that is required to collapse the
polymer into a globule, and the factor 7r represents the area of a single monomer bead.
For our simulations, N = 50, NA ~ 6 and fis = 0.66, the latter being a value that has
been given in the literature for the collapse transition in an infinite medium. [45] The
use of these limiting values in this equation is only strictly legitimate when ii >> ,
since generally z and NA are functions of ii and p, however we will see that taking this
limit is sufficient to characterize the location of the surface-based collapse transition.
For the free energy Fe of the e-coil adsorbed at the surface, we use the De
Gennes/Flory result for an adsorbed polymer: [59]
~ Na 2  w2 &2  7,2p 1isFe~ - -NfB i A~ -N- + N (179)
D2 4 2
where fB is the fraction of bound monomers and the far right relationship incorporates
a critical D* ~ 2/(w,3), which is the out-of-plane dimension of the polymer upon
minimization of Fe with respect to . The value Af = - is subtracts the portion of
the surface interaction energy ps required to localize the globule at the surface. This
is shown in 17-1b, which is a graph of surface interaction energy measured directly
from simulation FS = E Us,j versus pi, which is expectedly linear but offset from the
origin by the constant ps. This corroborates the standard scaling result given by De
Gennes, which is generally true under the weak binding condition , < 1 that is the
case for all simulations. [59] To determine the location of the transition between the
collapsed state and the e-coil state of an adsorbed polymer, we find the value of p
where the free energies of the two extremes have equivalent free energies:
Fe ~ G (17.10)
A w2 f 2  2 z N p (17.11)
4z 2z Nz
Rigorously, this condition is only true if the two cases have been measured from
the same reference state, which is indeed the case for this theory since both have
been measured with reference to a non-adsorbed E-coil. While this theory represents
a facile description of the competition between the surface-polymer and polymer-
polymer interactions, the result is quite successful at describing the observed behavior
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Figure 17-2: The equilibrium extension (Lx/(2N)) of a single chain N = 50 on an
attractive surface as a function of the strength of self-interaction 6i for a number of
values of f5. As ;i is increased, the transition from a coil to a globule occurs at higher
values of ii consistent with the theory presented in this paper. Theoretical predictions
for a shift factor oi collapses the data for different values of 3 onto a single curve
(inset).
in simulation. 17-2 shows the conformation of the adsorbed polymer measured by the
extension length in the x-direction (Lx) as a function of the LJ interaction parameter
ii for a number of surface interaction parameters pi. Clearly, an increase in p- causes
the transition value of ii to likewise increase. The amount of increase can be given
by a shift factor oi(p, pi') = f|; - fi which can be calculated from our scaling result
given above. Shifts as determined by the calculated values of 6is are shown in a graph
of (L) versus ii - 6is, and as expected all of the graphs collapse onto a single curve
(inset, 17-2). 17-3 represents this calculated transition in ii versus y space, which
will serve as the basis for the map of the shear-response behaviors examined in the
upcoming sections.
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Figure 17-3: The behavior of the coil-globule collapse transition in the bulk iicoul and
at the surface iicoul,s as a function of the strength of polymer self-interactions ii and
polymer-surface interaction j. This demonstrates that the presence of an attractive
surface can induce a globule-coil transition.
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17.3.2 Globule-Stretch Transition: Effect of Surface
For a globule that is in an infinite medium, the authors have recently developed a
nucleation-protrusion theory that explains the behavior of a globule-stretch transition
in the presence of an arbitrary fluid flow. [43, 45, 44, 46, 48] This transition contrasts
with the traditional coil-stretch transition in that it represents the competition be-
tween cohesive and flow forces, rather than the competition between entropic and flow
forces seen in a coiled polymer. [60, 48] If the applied fluid flow is simple shear, the
transition for collapsed globule becomes a first order transition which contrasts with
the second order transition predicted by De Gennes for a e-coil. [60] Upon the intro-
duction of an attractive surface, we demonstrate that a straightforward adjustment
to this theory is sufficient to describe a surface-localized globule-stretch transition.
In the previous literature, the transition from a collapsed to a stretched confor-
mation is characterized by the location where the force on a thermal protrusion from
the surface of a globule due to the surrounding fluid flow i, overcomes the cohesive
force on the same protrusion fc-h. fcoh is given by the scaling: [45, 48]
Loh Aid(17.12)
where I is the length of the protrusion. This is balanced by the radially outward drag
force on the protrusion, given by the scaling:
1 R+l I3f lo - (0 - OR) d' - (17.13)poa fR R
where 1? is the radius of the globule, 0 is the fluid velocity at a point along the
protrusion contour I', and VR is the fluid velocity at the surface of the globule. This
was derived using the hydrodynamic interacting case, and the fluid velocity is taken
with reference to the surface of the globule. [45, 48] Solving for the condition for the
transition shear rate 7*, filo~ fcoh, and incorporating the relationship suggested by
equipartition (I (Aii)- 1/2 , we obtain the result: [45, 48]
* ~ 2 (17.14)
Simulations suggest the actual scaling is Y* ~ Ail R, which is attributed to the
existence of a solvent penetration into the globule. [45]
The addition of a surface has been shown previously to change the hydrodynamics
of the above situation, however its magnitude decreases very quickly as distance from
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the surface increases. [441 For our case, where binding occurs a small distance above
the surface, this effect is not expected to be large. We graph in 17-4 the stretching
transition of a polymer that is attached to the surface by plotting the extension
length (L)/(2N) as a function of j (on a log scale) for a number of values of Ai.
Clearly, stretching occurs at a transition shear rate '* that changes as a function
of A6. Conveniently, the transition has a characteristic shape whose universality is
demonstrated by replotting 17-4 with Y/Y* in place of j', as shown in the inset of 17-
4. While the equilibrium (low -) values change somewhat with As, the stretching
response becomes universal. To compare with the behavior in an infinite medium, 17-6
graphs the transition shear rate for collapsed polymers at the surface -g as a function
of the interaction parameter Ai as well as the transition shear rate in the bulk -*
taken from previous literature. [45] This comparison demonstrates that there is indeed
a large surface effect that enhances surface unfolding such that it occurs at smaller
values of j, however both sets of data clearly follow the same scaling.
There is a straightforward explanation for this phenomena based on the above
derivation for the critical shear rate. The similarity in scaling of 7* and i4 suggests
that the essential mechanism remains the same, and direct observation of simulation
data confirms that the stretching of an adsorbed polymer is preceded by a large ther-
mal protrusion. We refer back to 17.13, where the drag force on the protrusion is
directly proportional to the shear rate of the surrounding fluid. The infinite fluid
velocity that the protrusion "feels" is the velocity measured with respect to the cen-
ter of the polymer globule. The influence of the surface, however, is to modify the
reference point with which one can take the infinite fluid velocity. This is schemati-
cally shown in 17-5, where the infinite fluid velocity requires an extra contribution of
NR to account for the change in reference. The force on the protrusion required for
stretching should be the case for both situations, so if we approximate this force as:
f, ~ *(i2 - z,cm) ~ ;(Fz - z,com) + 5 (17.15)
The most likely path from the surface of the globule is at 7r/4 from the horizontal, so
fz - Fz,com ~ R/V. We thus rewrite the equation as:
- = 1+ 2N1 (17.16)
This supports the observed behavior that there is just a constant multiplicative factor
between the surface-based and bulk globule-stretch transitions. Simulations verify
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Figure 17-4: The extension (L) of a polymer with N = 50 that is adsorbed on an
attractive surface as a function of shear rate i for a number of values i6 at p = 0.18.
These curves collapse into a universal transition curve when rescaled by the transition
shear rate ~y (inset).
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Figure 17-5: Globule-stretch transitions are strongly affected by the presence of an
attractive surface, however the mechanism of the transition remains essentially the
same. In the bulk case (left), a thermally protruding chain end of the polymer is
pulled from the globule surface if the magnitude of the shear flow y is sufficient. The
same concept holds for the surface case (right), however the globule is now pinned
to the surface. In the bulk case, the magnitude of the flow is taken from the globule
center of mass, since it moves with the average fluid velocity. The reference instead
becomes the surface, and the relevant shear rate is -(1 + R), as demonstrated by the
schematic.
that the multiplicative factor is indeed on this order of magnitude (7*/7* e 1 - 10,
however is slightly smaller than the exact prediction. We attribute this to "slipping"
of the globule along the surface, where the globule still has some freedom to move
translationally despite being attracted to the surface.
17.3.3 Potential of Mean Force: Adsorption Energy Land-
scape
It is well-established that the behavior of a polymer as it adsorbs to or desorbs from an
attractive surface is governed by two competing forces; the long-range hydrodynamic
lift force that drives stretching polymers away from a surface, and the short-range
attractive force that promotes polymer adsorption to the surface. We can describe
this competition in terms of the effective potential of mean force on an individual
polymer that is a function of the parameters of the system (7, p, nB, U). We develop
an analytical expression for this competition based on the separate treatment of both
forces, and then comparing the resulting theory to simulation results.
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Figure 17-6: Log-log plot of the globule-stretch transition '* versus L-J interaction
energy As for polymer globules in the bulk (y*, red points) and for polymer globules
adsorbed to the surface (j;, black points). Fit lines both have a slope of s 1.6,
indicating that the scaling behavior is equivalent for both cases. This suggests that the
extension mechanism essentially the same, however there is a multiplicative constant
between the two cases that is on the order of 1 - 10 due to a change in the system
geometry.
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Hydrodynamic Lift Force
The hydrodynamic lift force on a stretching polymer near a surface is a widely-studied
phenomena. [32, 17, 31, 29, 21, 26, 27, 33, 28, 20, 19, 18, 30, 6, 34] Prominent work
by Jendrejack, et al first demonstrated the origin of this force by using the Blake hy-
drodynamic tensor as it operates on a dumbbell representation of a polymer. [31, 29]
A substantial amount of work has analyzed the dumbbell case, since polymer models
based on this geometry are widespread due to their straightforward incorporation into
rheological constitutive equations. [31, 29, 21, 26, 27, 33, 28, 20, 19] These models have
occasionally been incorporated into larger theories on adsorption, such as the work
by Hoda and Kumar that derives expressions describing the adsorption/desorption
behavior of polyelectrolytes in flow. [26] The very nature of these models as dumbbells
obscures the geometry of the molecule, however, and recent theory that has demon-
strated that geometry is extremely important in near-surface regimes. [34] This is an
incredibly crucial consideration for adsorption/desorption behavior; while dumbbell
theories typically predict a divergence or extremely large value for the hydrodynamic
lift force at points very close to the surface, theories that incorporate the geometries
characteristic of stretched molecules show that the lift forces exhibits a marked de-
crease as the surface is approached. [34] These two approaches necessarily match at
large distances from the surface, and typically surface depletion ensures that this con-
dition is met, however in the case of adsorption we are close to the surface and are thus
in the regime where the difference between these two approaches is non-negligible.
The theory that we use is the geometric approach outlined by the present au-
thors. [34] It is developed by representing a stretched polymer chain geometry as a
series of No beads of radius ao connected by rods roughly parallel to the plane of the
surface. We stress that No and ao are given subscripts to indicate that they are only
geometrical parameters that refer to " equivalent beads" rather than chain parame-
ters. Thus, if we take a time-averaged representation of the polymer chain, the value
No = (AX)/(AZ) is the average extension of the polymer divided by the average
width of the polymer in the z-direction and the value ao = (AZ)/2 is the half-width
of the polymer in the z-direction. The force along the chain is, in this representation,
entirely along the x-axis, and the lift force is in the z-direction (the surface is in the
x - y plane), so therefore we only need to consider a single component of the Blake
mobility tensor: [52, 53, 34]
tIu- B(rx) = -3rh 3ijB 27r (r( + 412)5/2
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where 7 is the solvent viscosity and h is the average height of the polymer above
the surface. This can be used to write the lift force of a dumbbell centered at the
mid-point of a chain separated by a distance 4nao with an applied force of ff on a
dumbbell that is separated by a distance 4mao:
fd(n, M, fy, h/ao) = -127r7aff [im,B + PI'-m,B] =
9ffh3  (n - m) (n + m) (17.18)
8ao [[(n- m)2 +(h/ao)2]s/2 [(n + mn)2 + (h/ao)2]s/2
where fT is the tension force at a location n along the chain. A chain of No beads
would be composed of No/2 dumbbells, so the total lift force would account for the
effect of each dumbbell on every other dumbbell. In the continuum limit:
fA = fN/2 No/2 fd (n r, f5 , h/ao)dmdn =
3h 3  No/ 2 (2fT)[(No/2 - n)2 + (h/ao)2] -3/2 - [(No/2 + n) 2 + (h/ao)2]-3 /2 ](d.19)
16ao o an
For a shear flow, the partial derivative (%f) is given by:
( ~ 6?rqa sin 20n (17.20)
where the effective beads lie at an angle of 0 from the plane of the surface. This yields
the final result for the lift force:
9 [Nnh/(2ao) + h1/afLshear = -r7ao sin(20) 2 - (h/ao)2  (17.21)8 [ N2 + h2/aI
This is the final result as determined previously by the present authors, which links
the average geometry of the polymer to its lift force in shear flow. [34] This result
is independent of the particular molecular model used for the polymer, however it
is necessary to provide meaningful values of No and ao, which are model-dependent.
Using this equation for the force, it is possible to calculate an analytical expression
for the energy landscape:
UL - fL,shear(h')dh' = 3rqa sin (20) N02 N2 + h2/ + 2 (h) (h/ao - VN2 + h2/a
(17.22)
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or in dimensionless variables:
UL = sin(20) [N0 N 2  2 +2h2 N 0 +h 2  (17.23)32 L 0I
where h = h/do. To fit this to a particular polymer model, we need to understand
how the geometric parameters of the polymer in question (in our case, collapsed
homopolymer globule) changes with the applied shear rate, since generally No = No(~y)
and ao = ao(~y). This can be done either with simulation data or with theory, however
correct time averaging must be used. In order to take correct time averaging, the
potential at each increment in time must be calculated, since at a given point in time
the geometric parameters No and ao may be quite different than at another time.
Thus, we find the average lift potential by the equation:
hf t UL(t')dt'
o dt'
~y .()[ N2(t') N(t') + 2'(t) + 2dt'
h~dtff2dt'sin sin (20) + 2h2 h-32 ht dt' h*dt'
~ 
3
2 sin (20) (N N) ( )+2+ 2 (N) h++ 2  17.24)
where we have introduced the approximations that the value of ao is roughly constant
over the entire simulation and that variations in No over the course of a chain's
conformational trajectory overwhelmingly affect the initial N2 factor more than the
expression in the square root.
Determination of the values (No) and do from simulations is straightforward. For
ao, we take the z-component of the radius of gyration for beads that meet the criterion
(ri,com,2 =|Fi,2 - Fcom,2) < 1.0:
1rt E- E(1.0 - ri,com,2)(t')rco (t') 1/2
do= COM z dt' (17.25)
t JE (10-ri,com,2)(t')
where e(x) is the Heaviside function. Once this value is calculated, it is possible to
calculate (Na):
(N ) f[ ]dt' (17.26)
where L is the total extension in the x-direction of the polymer. Theoretically, these
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values are expected to follow trends specific to the force-elongation nature of the
stretching model employed. For collapsed molecules, we expect the value of &0 to be
only weakly dependent on the shear rate, but the extension to be of the form: [48]
2iFo + (N -2fo) erfc 1/3]
(J 2()= (17.27)
do
where fo is the radius of a spherical globule. We reemphasize that, for other chain
behaviors, we would expect different forms for io and (Ne).
Adsorbed No-Shear Assumption
The hydrodynamic lift force in the previous section is one of two competing forces
that governs the adsorption and desorption behavior of a single polymer chain near
a surface. The other force is due to the attractive surface, which we represent in our
simulations either as a short range potential or a set of binding sites that "specifically"
bind to a given monomer bead. We first describe the effect of a mean-field model that
describes the essential features of both these binding types, and describe qualitatively
how these models would differ. Regardless, we expect the general trends to be the
same, albeit with a different numerical prefactor that accounts for non-homogeneity
in the surface potential.
To develop a theory for a polymer globule attached to the binding surface, we use
a straightforward analysis that, despite its simplicity, correctly retains the essential
features. The major assumption in this analysis is that the flow does not largely effect
the energy landscape at the surface due to screening effects. We will see that this is a
reasonable assumption for most cases. We consider the free energy of the globule to
be governed by two terms: a surface interaction free energy Fs that comes from the
interaction between the globule and the surface, and a deformation energy FD that is
due to small deviations in the shape of the globule away from a perfect sphere. The
geometry considered in this case is a nearly-spherical globule that interacts with a
surface a distance I from its center of mass. We introduce the dimensionless globule
surface tension &G ~ zf/7r, where z is a coordination number of order z ~ 3. Brochard-
Wyart and Buguin have previously suggested a form for the surface tension of a
globule that has a radius iF that is larger than the original radius fG along a single
axis: [61]
TD ~oulG ~ G olct7 of
The globule can recover this increase in free energy by stretching to a location of
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where the energy is lowered overall (in this case the binding surface). We assume
that the largest stretching occurs when the polymer globule is just far enough away
from the surface that as a perfect sphere it would not be binding, but by stretching it
would significantly increase its portion of bound monomers. For small deformations,
we can write this energy as:
FS= 1 - (17.29)
This equation is actually relevant even when the globule deformation is negligible
(f:G is), so we expect this behavior up to the point at which Ft,0 = PD + F8 ~ 1, or
when the total energy gets above ca. kBT At this threshold, we expect the globule to
remain non-interacting with the surface binders. The stretched radius iF is an open
variable, so we can minimize the free energy with respect to it:
(MFot 2&(i:'* - fG) - 27r)FyF2 (h2) 0 (17.30)
where f:G is the lowest energy stretched radius of the globule. Solving this equation
for F* is possible, but tedious. We find the result for our system, which we can
approximate as:
G + G7 j()2/3 (17.31)40 o-)2/
This allows us to write an equation for the total free energy of the system as a function
of the height of the globule above the surface:
~ 7rfi2 h2 /3hFG_ 
_~ ~ - 1 - (17.32)
1600 o-2/3I-Ii: +I/T 1-0
G+
which is valid when Ft~t < 1. For relevant values of h, Ft~t is roughly linear. The
binder force fbind is thus approximately constant, and can be calculated:
(aFtot 4&B 2 (h) 7rGi2h 8B(h) 2]kBhd surface 3h (fG + B(h)) 2 3 (FG + B(h)) (
where B(h) = (7rf3i6h 2/&) 2/3 /40. Simulations suggest a proportionality constant of
ca. 0.5. Using this, for typical values of fi = 0.3 and & = 0.96, we obtain the result
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fia ~ -2.3. A simpler representation of this force is possible by postulating two
scaling relationships describing the relationships between the binding force fuj, and
; and ii. If one considers the limiting case of a highly cohesive globule (i >> 0), there
is minimal globule distortion so the binding energy (and consequently the binding
force) is linear only with the energy of adsorption. This suggests a scaling fbind ~ #,
where the force is only dependent on the interaction between the globule and the
surface, and not due to the globule self-interactions. Plotting the results of the more
rigorous calculation largely supports this assertion, and thus we will more simply
write:
And = Cfi (17.34)
where C is a geometrical constant (and is not a function of fi or ii). This result can
be seen to be most accurate in the limit of large - in equation 17.33.
Adsorption-Desorption Transition
The form of the energy landscape derived in the previous sections results in two
potential wells; one that occurs near to the channel surface, and one that deepens
indefinitely away from the surface. If there is a potential preventing the lift force
from pushing the polymer infinitely away from the surface, we retain the standard
double-potential well picture associated with a first-order phase transition. As the
hydrodynamic lift force is increased, the potential well away from the surface gets
deeper, and at some transition point becomes deeper than the binding well. At
this point, the molecules will move from the adsorbed state to the desorbed state.
To determine the location of this transition point, we use the analytical theory to
describe both the binding force fbia and the lift force IL,,hea, near the surface. We
then characterize the adsorption/desorption transition of a collapsed polymer near
an attractive surface by defining a transition criterion where the two forces balance
each other:
fbind(i*p, io*6 ) ~-fL,,shear( , * ,*,orp) (17.35)
where the asterisk represents a critical value for the transition, and the subscript
indicates that this is an ad(de)sorption transition. In the parameter space of p, 6,
and ~y, this equation represents a surface that is defined by two of the three variables.
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Figure 17-7: Schematics representing the two type of simulations probing the behavior
of a polymer in shear flow next to an attractive surface as a function of height i.
a) To determine the free energy landscape F(z),the polymer is localized with the
harmonic potential 1 (two examples shown) to an average height zo. The free energy
landscape will perturb the probability distribution of the polymer's center of mass. b)
The polymer can also be localized to a "channel" of height 20 with a harmonic ceiling
potential e, to investigate the overall adsorption/desorption behavior of a polymer
on a convenient time scale.
The full description of this surface is given by:
4 5 ( ii*,,,.) B ( I zf * ,,, p *s ,.) 7rpi * ,,F 2 h 8 B ( I z 67 ,, pL * ,,,ror (Ii, G~rp SOrp )
3h (i: + B(h, i*,,.,, p* ))2 3 (F + B(h, *, p,.)) .2
3 N* (i* ~y N( )It/(25) + Ih3/&3
~C*, -- 5?y,,si(20) ""'0 "'' I - (h/dop .36)
16 ~~N (s,,, ~y*,.) + Ih2/de2
A value of h ~ 5 is typical for the our analysis of the simulations, since this is the
approximate location of the transition seen in simulation data.
Comparison to Simulation
The theory presented in the previous sections has explicitly described the energy
landscape expected for a polymer globule near a surface under the influence of shear.
In the absence of other effects we will discuss later relating to the surface-localized
globule-stretch transition, we are able to accurately predict the landscape as deter-
mined from simulation data. Here we both directly and indirectly probe the free
energy landscape in the z-direction with a combination of umbrella sampling and
larger-scale adsorption/desorption simulations.
To describe in detail the free energy landscape of a polymer near a surface, we
introduce a new energy term I (see 17-7a for a schematic) to the simulation po-
tential & that describes a local harmonic well that serves to localize the chain at a
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fj
ZO
fj
io
predetermined position o:
Ur (17.37)
10
This confines the adsorbing polymer to the neighborhood around zo, plus or minus
ca. 0.5a. Since it equivalently acts on every monomer, this potential will not directly
distort the polymer in any way. With sufficiently long simulations (we use 5 x 108
time steps), the amount of time ?(iz) that the center of mass of the polymer resides
in a given interval is related to the relative free energy by simply:
Fsim(iz) n- (;r) (17.38)
where the simulation-determined free energy is Faim. The actual landscape of the free
energy F is given by:
P=F m -1O1 (17.39)
where we can subtract out the applied harmonic potential. We span the range of F;
from ~ 6 - 20, which is pieced together from a number of choices of zo.
We also perform simulations that sample the entire range (eg. without U), so
that we can investigate the validity of the umbrella sampling method and provide a
more complete picture of the polymer's trajectory through the landscape. We still
keep the polymer localized at the surface by providing a boundary at f-z = 20, above
which there is an additional harmonic potential Uc (schematic shown in 17-7b):
~ ( ,IzN - 20) 2 , NUC = 2 ,IN - 20 (17.40)
where E is again the Heaviside function. The choice of 20 as the beginning of the ceil-
ing potential is arbitrary, however it seems to provide a reasonable balance between
the two extremes; if the ceiling is too low, the polymer conformation becomes con-
tinuously confined to the surface such that it cannot fully desorb, and if the ceiling is
too high there is a much larger phase space to explore and extremely long simulation
runs are necessary to adequately average our results.
The energy landscapes for a number of self-interaction parameters ii and shear
rates ~y are shown in 17-8, along with theoretical predictions described in the previ-
ous two sections. It is clear that, aside from a crossover regime around the transition
state, the analytical theory provides a quantitative fit of the energy landscape. The
inputs (N2) and do as determined from simulations at zo = 20 are also shown in 17-8d,
with trends consistent with the literature predictions of 17.27 shown by the fit line
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for the case of the fully collapsed polymer fi = 2.0. [48] The features shown are also
consistent with the picture described previously where the desorption transition is a
first-order phase transition for a single chain. Upon realizing that there is an unindi-
cated portion of the potential that prevents the polymer from going through the wall,
and considering the above applied harmonic potential C, in our non-umbrella sam-
pling simulations we retain a landscape that is indeed characterized by two potential
wells. The well at low iz < 6 represents the binding energy of the collapsed polymer
near a surface, and the well at high fz > 10 is due to the hydrodynamic lift force.
Since the lift force fL is an increasing function of 7, increasing the shear beyond a
critical adsorption/desorption shear 5g*, will result in a shear-induced desorption.
Depending on the nature of the desorbing polymer, a few features become apparent
in 17-8. For the e-coil, with ii = 0.41, the polymer is already highly elongated even in
bulk at the desorption transition. This causes a large value of (NJ) and small value of
50 for the lift force fit. This places the observed portion of the landscape in the region
of the lift force that is roughly linear, which is indeed observed for all shear rates.
This is also largely true of ii = 0.66, which is also highly stretched in this regime.
This verifies that it is indeed crucial to consider the non-monotonic version of the
lift force for the polymer for adsorption, since this regime would not be observed for
the traditional Dumbbell model. [34] The non-monotonicity would become even more
important if the binding surface was strictly at Pz = 0, however this is not convenient
for simulation purposes. For the more highly collapsed fi = 1.0 polymer, the theory
also is in this linear regime, however there is a large transition between where the lift-
force and binding regimes are well-described theoretically at high 4. This we attribute
this regime to surface-polymer interactions that enhance stretching of the polymer
and change the force-profile along a single chain. This regime is essentially a "tether-
dominated" regime, where the polymer chain end is often captured by a nearby binder
and the chain is stretched out like a tethered chain. The case of a tethered polymer
in shear flow has been of great interest to the polymer community, [61, 40] and recent
work suggests that there is a strong hydrodynamic lift force (especially at the tether
point) due to the increasing tensile force profile. [64] This explains initial rapid decline
in the free energy landscape below ?z ~ 10, which indicates an increase in the lift force
at this point. Another striking feature of these three plots is the lack of sensitivity
of the magnitude of the lift force-induced potential to the extent of polymer collapse.
This is due to the strong dependence of this potential on the initial factor of 4 in
17.24, rather than the geometric parameter (NJ) which is where the dependence
on ii is featured. This will change at higher fL, however, which will be seen in the
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Figure 17-8: The energy landscape determined by simulation (solid lines) for (a)
6 = 0.41, (b) ii = 0.66, and (c) i = 1.00 with a variety of shear rates i for p = 0.18.
These landscapes match the results of theory outlined in this paper or both the lift
force (dotted lines) and the surface adsorption forces (orange lines). For high values
of ii and ~y, there is a large crossover regime associated with surface-induced globule
stretch transition. The parameters (Nj)1/ 2 (filled symbols) and 50 (open symbols)
for the lift force theory are determined from simulations with zo = 20, and are shown
in (d). As expected, the value of (N.) 1/2 follows the theory developed by Sing and
Alexander-Katz for globule stretch transitions in the bulk (equation 17.27), shown by
the solid blue line for i = 1.0 (~* = 3.0). [48]
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Figure 17-9: The energy landscape determined by simulations upon varying both
the distribution of the attractive potential (changing 5LB, (a)) and the strength of
the attractive potential (changing p, (b)) at ~y = 0. (a) Upon changing the distri-
bution of the attractive potential, for the case of a bead-rod polymer a more highly
corrugated potential induces higher adsorption force. We attribute this to matching
between the corrugation of the potential and the non-continuum representation of the
polymer binding. As the surface potential becomes more even, there is an increased
mismatch between the two potentials, resulting in lower adsorption forces. (b) The
theory described in equation 17.32 (dotted lines) quantitatively describes the behav-
ior adsorption potential as a function of pi. The inset rescales the simulation potential
by pio/3, where yio = 0.3 in this case. By performing this rescaling, all the simulation
results collapse onto a single curve as predicted by 17.34
non-umbrella sampled cases.
We also check the influence of other aspects our system on the aspects of the shear-
induced adsorption/desorption transition, in particular the influence of the binder
characteristics of /3 and nB. We first change nB for constant p3, which results in the
plot in 17-9a. This is essentially a change in the distribution of the surface potential in
the x-y plane, ranging from completely homogenous (the smooth potential) to much
more uneven (low nB). This is similar to the investigation by Serr, Sendner, and Netz
into the effect of surface potential corrugation on desorption. [6] They find that, for
a single monomer, there is a decrease in the range of interaction at large forces that
is expected to favor desorption at high corrugation (low nB for our case). [6] We see,
for simulations of chains, the opposite trend. There is clearly a difference, albeit not
large, between the different surfaces, however decreasing nB increases the affinity of
the chain for the surface. The largest difference occurs when we used the completely
smooth potential given by 17.6. We attribute these changes to a matching between
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Figure 17-10: Plots of the center of mass of a polymer z as a function of shear rate
~i for a number of different values of i and p. The ceiling potential Uc is applied, so
upon desorption the hydrodynamic lift force pushes the polymer towards the ceiling
at i . 20. The positions of the transitions, which are plotted in 17-12 as points on a
~ i - plane, are indicated with appropriately colored arrows.
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the correlation of beads in the globule to the correlation of binding sites on the surface.
For the smooth potential, the region between monomer beads remains unsampled, so
the attractive potential here is essentially ignored. For a large-nB surface, the binders
are the same size as the beads, and they are placed the appropriate distance apart.
This means that the attractive potential only occurs where neighboring monomers
would likely be. Thus, a higher binding potential is seen. The same trend is generally
true as nB is lowered, only for slightly different reasons. Since the beads are random,
regions of slightly higher binder densities tend to attract the globule more often.
As nB is decreased, variations in binder density become much more severe, and on
average the globule feels a higher binding energy. For the cases shown, this effect is
small but non-negligible. For real polymer chains, we expect the interaction behavior
will dictate the direction of this effect. Our simulations represent a discrete case
where the attraction occurs in discretized points along the chain (the center of the
beads), and thus correlation with a surface that likewise has localized attraction
minimizes interaction energy. Alternatively, if interaction is continuous along the
chain, as is the case with dispersive forces, interaction energy is minimized with a
non-corrugated potential. We can also change the strength of the interaction p, which
is shown in 17-9b for the case of nB = 240. We plot 17.32 for each case, and find that
good quantitative matching occurs for all plots. This effect is straightforward, and
follows the relationship given in 17.34 that postulates a linear relationship between
fAind and fi. We demonstrate this in the inset, which rescales all potentials by the
factor po/pi, where yo = 0.3 is the interaction strength upon which all the other values
of pi collapse.
To investigate in a more unconstrained fashion the overall adsorption-desorption
transition, we also show results from simulations where we used the ceiling potential
UC that allows the polymer to be anywhere < 20 from the surface. These simu-
lations were run for a total of 3 - 5 x 108 time steps, and the results for a number of
values of ,3 and ii are shown in 17-10 in plots of the polymer center of mass as
a function of shear rate -'. The larger phase space within which the polymer resides
results in large errors in the results, especially near the transition points, however the
trends are clearly seen; at low shear rates , ze 4 - 5 is adsorbed to the surface,
and there is a transition to iem ~ 20 (desorbed) as 7 is raised. Approximate locations
of some of the transitions are indicated with arrows, which we will demonstrate later
correspond well to the theoretical predictions. The shape of these curves matches
well the behavior seen in previous literature. [19, 6]
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17.3.4 Map of Adsorption-Desorption Behavior in Shear
The interplay between the surface-based globule-stretch behavior, the adsorption/desorption
transition, and the surface-based coil-stretch behavior can be represented on a num-
ber of diagrams that map out the entire set of behaviors we observe in our simulations
and theory. We represent this on a combination of two-dimensional graphs, however
it is possible to represent this in a single three-dimensional plot.
The first graph plots ii versus pi, which maps out both the interactions of the
polymer and the surface as well as the polymer and itself. We show two examples of
these graphs in 17-11a and 17-11b, where 17-11a is at lower shear (' = 1.0) and 17-
11b is at higher shear ('y = 3.0). The relationship between ii and p manifests itself
as a direct competition in the surface-based coil-globule behavior, which provides
the foundation of the plot (see 17-3). This is indicated by the dark black line, and is
contrasted with the bulk coil-stretch transition that is indicated by a dotted dark black
line. These are the only purely equilibrium transitions in the mapping, with the other
behaviors being induced by shear flows. We indicate the remaining transitions by
colored lines; there is a bulk globule-stretch transition that we indicate with a dotted
red line, a surface-based globule-stretch transition that we indicate with a solid red
line, and an adsorption/desorption transition that we indicate with a blue line. The
bulk globule-stretch transition will clearly be independent of the surface interaction
parameter p, however the other transitions will be dependent on this parameter. This
bulk transition is strongly dependent on the shear rate, which demonstrated by its
different location in 17-11a and 17-11b. Simulations suggest that the surface-based
globule-stretch transition is roughly independent on the value of p, so long as the
polymer remains in the globule conformation. This is expected based on our proposed
mechanism, where the effect of the surface is simply to change the point of reference
for the fluid flow and provides no direct effect on the protrusion. This is likewise
indicated on both 17-11a and 17-11b, and is in different locations on each graph due
to its dependence on shear rate. We note that we have made the choice of ii versus
Aii purely out of convenience, however the nature of the plot would be essentially
the same if Ais was used instead. If the coil conformation is realized by crossing the
surface-based coil-globule transition line, we expect a change in mechanism from the
protrusion-nucleation to the entropy-relaxation stretching process which will result
in a much lower j with consequently a much higher i*. Thus, we draw an expected
change in this behavior near the surface-based globule-coil boundary, however do not
speculate on its exact form. We postulate that the details of the surface binding
play a large role in determining the form of this near-globule-coil transition behavior.
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The boundary representing the adsorption-desorption transition is more complicated,
and follows the 17.36 shown above. We numerically solve this equation for ii as a
function of - and fi to obtain the qualitative dependency shown in this particular
equation. Depending on the value of fi and 7, this transition may intersect the
surface-based globule-stretch transition and/or the bulk globule-stretch transition.
Values of ,3 where , > 0*, represent an unphysical result, where approximations
made in the form of (N 2 ) given by equation 17.27 no longer apply. We indicate a
number of paths on 17-11a, indicated by the purple arrow indicated with numerals
corresponding to different situations. In these processes, the polymer self-interaction
is decreased. For path 1, up until the solid red line (surface-based globule-stretch
transition) is crossed, the polymer globule is attached to the surface (this behavior
is indicated in the overall map by the A region). Depending on the surface potential
p, thermal noise may or may not be able to allow spontaneous desorption. If this
is the case, shear will still enhance desorption, and we will generally consider that
the spontaneous process is very infrequent. As soon as the surface-based globule-
stretch transition is crossed, the polymer can extend and the lift force is strong
enough to desorb the polymer from the surface. However, the bulk globule-stretch
transition has not been crossed and the polymer will recollapse as soon as the surface
is sufficiently far away. Through diffusion, the polymer can easily reattach to the
surface, so there is only a small depletion zone immediately adjacent to the surface
where the polymer alternatively detaches and reattaches (indicated in the map by
the A-D region). Once the dotted red line, the bulk globule-stretch transition, is
crossed, the polymer will remain stretched far from the surface and the lift force
will drive the polymer to large-scale depletion from the surface (indicated by the D
region). We consider this the point of true desorption. This represents a transition
of behavior in the desorption/adsorption transition, in particular a change in the
overall distribution of a polymer near an attractive surface. Alternatively, trajectory
number 2 (also indicated with a purple arrow) represents another characteristic path
from adosrption to desorption. In this case, the polymer remains on the surface even
as it passes the surface-based globule-stretch transition line (solid red line) and only
lifts once it passes below 6*,.. Like trajectory number 1, large length-scale depletion
only occurs below fi* (the bulk globule stretch transition). Trajectory 3 represents
the final alternative, which occurs at p large enough that fi* > * ,.. In this case,
desorption and large-length-scale depletion both occur upon passing through i*,. .
Analogous trajectories to 1 and 2 are also shown in 17-11b, however at this large y a
trajectory analogous to 3 cannot be realized since fi* and *,,. do not intersect.
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Figure 17-11: Map of adsorption behavior in the fi-p plane for two shear rates j=1.0
(a) and 4 = 3.0 (b). The solid black line indicates the equilibrium coil-globule transi-
tion on an attractive surface, while the dotted black line indicates the same transition
in the bulk. The regime of interest for this paper is in the upper left corner where the
polymer is collapsed on the surface. Three regions are indicated: A, which is the ad-
sorbed state; D, which is the desorbed state; and A-D, which represents local polymer
desorption immediately at the attractive surface. The borders of these regions are
determined by the surface globule-stretch transition (solid red line), the bulk globule-
stretch transition (dotted red line), and the desorption/adsorption transition (blue
solid line). We indicate different possible trajectories (purple arrows numbered 1, 2,
and 3) that correspond to different typical desorption behaviors. These are explained
in detail in the text.
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Alternatively, the three shear-based transitions can be represented on a plot of -
verus Ai, where the - axis would serve as the third axis in the aforementioned three-
dimensional map. This graph is very similar to 17-6, only now we have added the
analytical description of , for a number of values of p. As described earlier, due to
similar mechanisms between the surface-based and bulk globule-stretch transitions,
these transitions follow the same trend in a ii-- plane, only offset by a constant factor
related to the globule size. We observe a crossover in this plane related to the one in
the 6i-pi plane where the adsorption transition ;,. crosses the bulk globule-stretch
transition -*. Likewise, on one side of this crossover the desorption results in a
large depletion and on the other side of the crossover desorption occurs before large
depletion sets in. It is instructive to see the trends on either side of this crossover.
At low values of Au, the polymer can readily elongate in both the bulk and the
surface, so (No) is already close to a maximum. For this fixed geometry, there is
likewise a fixed shear rate at which it can overcome the surface interaction 3. At high
values of Ai, the adsorption/desorption transition can only occur once the surface
globule-stretch transition occurs, so these two transitions run roughly parallel.
We look at the correspondence of this description of desorption to simulation
results, in particular plots of the evolution of the system over time for given conditions.
We look at two examples of the trajectory through the -Y versus Ai plane, shown as
purple arrows in 17-13a. Along this trajectory, there are crosses that correspond to
plots 17-13b and 17-13c for the low-A6 and high-AG cases respectively. These time
plots represent the evolution of the system for j = 0.3 and a variety of shear rates '
and interaction energies fi for a polymer placed in shear flow with an applied ceiling
potential Uc at i = 20. These plots measure two measures of the system: the height
from the surface that the polymer center of mass normalized to the height of the
beginning of the ceiling potential (/20, black lines) and the elongation of the polymer
in the x-direction normalized by the contour length (L/(2N), red lines). For both
plots, the height of the polymer tends to localize in two states: there is a near-surface
adsorbed regime and a far from surface desorbed regime. Transitions are shown
between the two regimes, and while fluctuations occur in either limit there are clearly
two distinct states. The increase of shear flow for both 17-13b and c increasingly biases
the system towards the desorbed state. This is characteristic of a first order phase
transition, as suggested by the theory. In these examples, the shift from a situation
that is mostly adsorbed to one that is desorbed occurs where predicted in 17-13a,
supporting the theoretical results. While the desorption process appears similar in
both the low-AG and high-Au cases, the extension of the polymer differs substantially.
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This is expected, since desorption at low-Ai happens well above the globule stretch
transition shear rate Y* at both the surface and the bulk, while desorption at high-A
occurs near both the bulk and surface globule-stretch transitions. Therefore, in 17-13b
there is large stretching occurring both in the desorbed state and the adsorbed state,
with little apparent difference between the two behaviors. In 17-13c, the extent of
stretching is small and infrequent. Furthermore, there is a marked difference between
stretching in the adsorbed state versus the desorbed state. Since the bulk transition
and surface transition occur at different shear rates (,5* > 4*), desorption effectively
suppresses the stretching response of the polymer. This is seen in the middle two
plots (4 = 1.0,1.2). At the highest shear rate shown 4= 2.5 this behavior manifests
itself as increased stretching behavior as the polymer approaches the surface, which
is seen clearly at i~ 6200.
The overall picture becomes more straightforward in the case where the polymer
is non-collapsed at the surface, despite being collapsed in the bulk. Here, the surface
coil-stretch transition is constant regardless of p or ii, since it is entropically governed
and now occurs at very low shear rates. Likewise, the low As behavior of the adsorbed
globule is also seen for the adsorption-desorption transition, however the surface-
based coil-stretch transition remains low regardless of Au so the adsorption-desorption
transition remains roughly constant as well, and only depends on the value of p.
17.3.5 Adsorption/Desorption Dynamics
We have demonstrated that the adsorption-desorption transition is a first-order tran-
sition with a well-defined equilibrium behavior. We also characterize the dynamic
behavior of desorption and adsorption from a straightforward transition state argu-
ment. While a great deal of non-dilute systems have been studied in detail, and often
experience interesting dynamic characteristics, our system requires uncomplicated ar-
guments often used for polymer dynamics in shear flow. We assume, in the absence of
glassy or other complicated characteristics, that our system demonstrates traditional
Arrhenius behavior and thus the frequency vi of transition i is given by the equation:
i = voe-AF17.41)
where vo is an attempt frequency and AF* is the energy barrier of transition i. Since
our system is driven by a shear flow, the attempt frequency is given by 'o ~ . The
transition rate is then given by the equilibrium energy landscape characteristics seen
in the previous section, with both the forward and backwards transitions shown on
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Figure 17-12: Map of adsorption behavior in the log - - log As plane for the three
shear-based transitions. The red points, fit by the red fit line, represents the bulk
globule-stretch transition using data from the literature. [45, 48] The black points and
fit line represent the globule-stretch transition localized at the attractive surface. The
blue lines represent iso-p lines for the desorption/adsorption transition (i,,). At low
values of AG, this is the point at which full desorption takes place. At high values
of A6, desorption occurs but remains localized at the surface until the bulk globule-
stretch transition is crossed. Blue points represent transitions seen in simulation data
from 17-10. This corresponds well to the theory shown for the desorption transition
value
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Figure 17-13: a) The log-log plot of versus Ai6 for adsorbing homopolymer globules.
We indicate two trajectories (purple arrows) - one at AG ~ 0 and one at Ai = 0.84. We
indicate a few plots of the time evolution of the system at the conditions along these
trajectories marked by the purple crosses. The trajectory at Ai6 0 is shown in (b),
and the trajectory at AiG = 0.84 is shown in (c). The red lines represent the elongation
of the polymer in the x-direction (L/(2N)) and the black lines represent the position
in the z-direction normalized by the height of the ceiling potential Uc (./20. These
trajectories represent different was of traversing the desorption transition. In (b),
the desorption transition occurs well after the stretch transition in both the bulk
and surface, shown by the large amount of stretching occurring both at the surface
and in the bulk for 4 = 0.5 and 7 = 0.7. In (c), the desorption transition occurs
before large scale stretching occurs in the bulk. This is seen by the large difference in
stretching behavior between adsorbed and desorbed states in 4=1.0 and 1.2. Above
the transition, at y = 2.5, stretching becomes much more prominently however there
is still much larger stretching on the occasions where the globule nears the surface.
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such a graph.
It is possible to use the equilibrium theory to describe the behavior seen in the
simulations by calculating the amount of time spent by the polymer in either the
adsorbed (;x) or desorbed (i*) states. This characteristic time is the inverse of the
transition frequency ;, ~ 1/v, and thus we use the above equation to develop the
expression:
TA = .eA4o (17.42)
where AFo is the contribution to the energy barrier from the binding of the polymer
to the surface and AFL i is the contribution to the energy barrier due to the hydro-
dynamic lift force. AFo, to be consistent with the previous discussion characterizing
the energy landscape of a globule near a surface, is assumed to be independent of
the applied fluid flow. For the geometry we use, we can approximate this energy
as the binding energy times the globule cross section: AFo = wr;R 2 . This should be
roughly constant regardless of ii and ', except possibly at very low values of . We
will see that this assumption is sufficient to describe the system dynamics. AFL,5
is the contribution of the hydrodynamic lift force free energy at the transition state
(a distance of ~ 5, hence the subscript). As a first approximation, we consider the
average extension to be relatively constant except right above the transition * This
is suggested by the relatively weak dependence of 9 on the self-interaction param-
eter i; this parameter strongly changes the elongation characteristics of the polymer
over numerous decades, however the desorption transition in 17-12 demonstrates a
very weak dependence. This indicates that (No2 ) and do can be considered constant
over a short range of values of -. We thus write the approximation AFL'j = -CL ,
where CL(i, ) e CL(f) is a constant that can be calculated for a given scenario, and
is generally only weakly dependent on y.
In 17-14 we determine from simulation values for ;- for a number of interaction
energies ii. We plot this on a log-log plot, so using the development above we can fit
with the equation:
logf, = 0.434 (to - CIA) - log-i (17.43)
If we use the value Po = 18.2, which represents a globule radius R = 4.4, CL becomes
our only fit parameter. If we use CL = 0.3, 0.6, 0.675 for i! = 2.00,1.25, 0.41 respectively,
we obtain very good fits in the low-* regime. Alternatively, we postulate a regime
where the dynamics are so rapid that the time scale is limited solely to the time
scale inherent to the fluid flow (;- ~ 1/7). In this regime, the effect of the structural
characteristics of the polymer on the desorption dynamics are negligible and therefore
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so is the value of ii. With a proportionality constant of ca. 4.5, we fit this behavior to
the high-' regime in 17-14. At this limit, all of the desorption times T, do fall along
the same curve regardless of ii. In 17-14 we also plot the adsorption times i for the
case ii = 2.00 (blue points). This intuitively increases with an increase in shear rate,
in much the same fashion as the decrease in desorption times. Near the transition,
it is clear that there is a region where ;TA and i; are similar in value. This roughly
represents the adsorption-desorption cycle described in 17-11 (indicated by the brown
A - D region).
17.4 Conclusion
In this article we have mapped a wide range of behaviors that appear when an polymer
globule that is adsorbed to a surface is subject to shear flows. While numerous
simulation and theoretical articles have discussed the properties of adsorbed e-coils
in the presence of shear flow, and a single article has mentioned a adsorbed globules
in passing, we fully describe with a combination of analytical theory and simulation a
complex array of behaviors that can be observed for a collapsed globule by combining
and refining a number of theories that have recently developed with the original aim
of understanding biological proteins in the blood stream. [21, 20, 19, 6, 12, 48, 26, 27,
45, 36, 46, 44, 43, 34]
We parameterize our system with three important variables: the strength of the
short-range surface-polymer interaction potential fi, the strength of the polymer-
polymer interaction potential i, and the magnitude of the applied simple-shear flow
y. In this three-dimensional parameter space, there are five transitions that govern
the behavior of the polymer: the collapse transition (in both the surface and bulk),
the globule-stretch transition (in both the surface and bulk), and the adsorption-
desorption transition. While the collapse transition in the bulk is well-characterized
in the literature, [58, 55, 56, 57, 54] we describe the effect of an attractive surface on
the collapse transition with a straightforward picture that accounts for the competi-
tion between the De Gennes scaling theory for an adsorbed polymer and the cohesive
energy of a homogenous globule. [59] The globule-stretch transition in the bulk has
likewise been characterized in previous literature, and here we show how this theory
can be manipulated to account for the presence of an attractive surface. [45, 48] These
transitions are connected closely to the adsorption-desorption transition, which repre-
sents the balance between the attractive surface which promotes polymer adsorption
and the hydrodynamic lift force, which promotes desorption. We adapt a recent the-
416
1.8-
1.6-
1.4
1 0.41
1.0- N 1.25
0.8 2.00
2.00*0.6
0.4
b) 0.2
0.0--
-0.2
-0.4 -
-0.6
0.0 0.2 0.4 0.6 0.8 1.0
109eogy~
Figure 17-14: Log-log plot of the time-to-desorption 7\ (offset by 6, or a million time
steps) versus shear rate 7 for a number of values of i. Simulation values (points) are
shown with error bars, along with theoretical values (lines). We also show the values
of time-to-adsorption for the case ii = 2.0 (blue points). The similarity between the
two time scales in this region are characteristic of the adsorption-desorption behavior
(brown region) shown in 17-11.
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ory describing the near-surface lift force behavior to this specific situation, [34] and
use a globule-deformation model to develop an energy landscape for a single polymer
in the z-direction as a function of the shear rate. Good agreement between this theory
and simulation results is seen in two different types of simulation. Finally, the free
energy landscape is used to develop an Arrhenius representation of the adsorption-
desorption dynamics, which again corresponds well to simulation data.
While our motivation for pursuing this area of polymer physics lies in the counter-
intuitive behavior of the biological protein von Willebrand Factor, we demonstrate a
general model that would be applicable to a any homopolymer globule near a surface.
In fact, while we now understand this particular system quite thoroughly, the behav-
ior of vWF in experiments remains counterintuitive. [36] We argue that such a simple
model utilizing Lennard-Jones potentials is insufficient to observe the adsorption of
a polymer upon an increase in the shear rate, as this does not arise in any of the
simulations or theory presented in this paper. What we can observe, is that the only
potential for such a behavior to occur without introducing more a more complicated
system is if there is a coupling of both the polymer-surface interaction (p) and the
polymer-polymer interaction (ii) to shear flow (~y). We hypothesize that this could
be a possible route to the behaviors exhibited by vWF. This type of property may
be the result of catch bond behavior, ubiquitous in biological systems such as vWF,
where shear forces along the chain backbone can actually strengthen its interaction
with the surface. [62] It is known that the bonds on vWF can behave in a similar
fashion, providing a plausible explanation for the counterintuitive vWF behavior. [63]
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Chapter 18
Surface Mobilities of Polymers on
Associating Surfaces in Shear Flow
18.1 Introduction
This dissertation has built up the theory of stretching for both polymers near and
away from a solid surface, and in this context it is now clear from the previous chapter
that the stretching of a Lennard-Jones polymer model induces a hydrodynamic lift
force that inevitably desorbs polymers from an attractive surface. In fact, there is
nothing to suggest a mechanism for inducing adsorption from desorbed molecules at
large shears using this particular model. This is ultimately the focus of the bulk
of this dissertation - to determine the physics underlying the behavior exhibited by
vWF both in vitro and in vivo, and it is apparent that the Lennard-Jones model is
not sufficient for this purpose despite its success in predicting behaviors in the bulk.
To reinforce this assertion, observation of simulation movies differ in an immediately
obvious way from their counterparts in in vitro experiments - the translational velocity
of an adsorbed polymer is incredibly large in simulation, while in experiment such
movement is negligible.
In order to resolve these apparent contradictions between vWF and fundamental
polymer theory, we turn to the second part of this dissertation to examine the impli-
cations of the addition of finite-time-scale associating interactions. In particular, we
use the same Bell model interactions as a way to more accurately represent the time
scales of interaction between the polymer and the surface. This directly addresses the
translational velocity differences of LJ-polymers and vWF by hypothesizing a long
time-scale binding behavior between the vWF A3 domain and extracellular matrix
423
collagens I and III. While these interactions are not well understood, mapping of the
binding face demonstrates highly cooperative interactions that rely on a combination
of hydrophobic and specific interactions that are highly orientation dependent. [1] The
entropic penalty of binding, coupled with the cooperative nature of the unbinding,
suggests that representing the energy landscape of such bonds with a large transition
state is a reasonable assumption.
Understanding the movement of soft materials as they roll due to shear flows along
a surface with reversible associations is not a new topic. [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] In
fact, cell rolling is a widely studied area of biotechnology due to the ramifications in
cell sorting for diagnostic purposes. [10, 11] Artificial analogues have been considered
further as a method for drug delivery, and a large amount of simulation studies on
vesicles rolling along associating surfaces have been undertaken. [12, 13, 14] These
simulation, experimental, and (occasionally) theoretical systems consist of some uni-
versal features: velocity regimes where the vesicle moves unhindered, followed by
stick-slip regimes where the reaction rate k for unbinding is large, and finally points
at which the vesicle appears to be completely stuck. [5, 6, 14] Phase diagrams of
these behaviors are typically similar in nature and ubiquitous in the literature, how-
ever a fully descriptive theory appears to be elusive. [6, 14] Furthermore, there is
very little literature describing the motion of collapsed polymer chains along the sur-
face. [15] While this behavior would be expected to approach the limiting value the
deformable vesicle at large cohesive energies, we anticipate the additional complexity
of a globule-stretch transition will require a more general and nuanced approach.
In this chapter, we use a Master Equation approach to derive the dynamic evolu-
tion of a single collapsed polymer chain along a self-associating surface in the presence
of a shear flow. The movement of this chain demonstrates a transition from a con-
tinuous rolling behavior to a stick-slip motion due to the finite lifetime of individual
bonds. We examine this behavior in the Freely-Draining approximation, but extend
the conceptual understanding to the case of a hydrodynamically interacting chain and
surface. The observed behavior couples to the globule-stretch transition such that a
surface-enhanced stretching is induced upon the increased "sticking" portion of the
translational dynamics. This leads to an overall decrease in the transition shear rate
with an increase in the time scale of surface-polymer interaction.
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18.2 Theory
Our theoretical approach to this problem borrows from a similar approach used to de-
scribe self-associating polymers under the influence of a constant pulling velocity. [19]
We can once again write the extremely general Master Equation:
- Zvi,"~ (18.1)
which indicates that there is a distribution <b of states 1 that evolves by a series of
kinetic coefficients vig that describe the jump probabilities of proceeding from state
1' to state 1. This is a very general dynamic equation, which has as a special case
equations such as the Fokker-Planck equation and the Chandrasekhar equation. The
only caveat to the treatment of this equation is that it is only convenient to do so if the
"states" are well-defined in the context of the problem at hand. Essentially, we desire
a coordinate that, upon averaging with respect to other degrees of freedom, singly
corresponds to observable variables of interest (in this case, translational velocity,
and in the case of pulling, tensile force). Therefore, we select the coordinate of the
distance from the trailing edge of the polymer globule to the first binder along the
surface, 1. This coordinate is demonstrated in Figure 18-1, and can correspond directly
to the translational velocity of the chain, which we approximately discretize into a
Veff "- H/2 for the unstuck case where H is the z-dimension of a single polymer chain
and veff = 0 for the stuck case. These two cases correspond to the coordinate 1 as 1 > 0
and 1 ~ 0 for the unstuck and stuck cases respectively. Since I is a continuous variable,
we can rigorously rewrite the above Master Equation as the continuous version:
41= f viiJyrdl' (18.2)
however we can build up and calculate our theory using the discretized version while
retaining the underlying physics. The conceptual buildup we use relies on elucidating
the forward and backwards transition mechanisms individually, since it is possible to
write these equations in the form:
= v-l - + - -vI'j - C(Veff) [T AI(l - 1) - II+i] (18.3)
a-= Z Vn n'1I+n - IP n'Q- -1Vf)In=1 n=1
where we have included a drift term on the right hand side to account for the constant
velocity veff within the framework of this theory as a term that perpetually shortens
the leading length 1. This term also includes a Heaviside function Q due to the
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I
Figure 18-1: Schematic demonstrating the "sausage" geometry used in this chapter
to describe the translating globule. It is placed in a shear flow of strength -, a height
H, and a end-to-binder distance of 1.
constraint that TI< = 0. This term takes some care, since its magnitude implicitly
depends on the magnitude of the discretization. If the density of a given phase point
is I,1, then the amount of that density that gets shortened to phase point WIX in a
time At is the fraction of those within distance veff At of the boundary. Thus, the
total phase current is JI+lveff/Al where Al is the discretization of the coordinate 1.
Thus, the function C(veff) is given by C = veff/Al.
18.2.1 Transition probabilities for sausage-shaped globules
To develop the kinetic coefficients V,* and vi, we make an assumption about the
geometry of the globule. Due to the shear forces acting along a single axis of the
polymer, leaving the other two dimensions roughly equivalent in the force they feel,
we assume that the globule adopts a sausage shape when confined to a surface. While
this is not rigorously true in the bulk fluid, this situation is approached at the surface
which constrains rotational motions. We thus consider an elongated globule of length
L along the stretching axis and H along the other two directions. For a globule with
N monomers of radius a, we can relate the two dimensions by the equation:
LH 2 = fpNa3  (18.4)
where fp is the packing fraction of a liquid globule.
We demonstrate in Figure 18-2 the possibilities for extending and reducing 1, lead-
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Figure 18-2: Schematic demonstrating the forward and backwards transitions (vy and
v-) in the presence of a shear flow ~y. These transitions provide information on the
evolution of the end-to-binder distance i based on the dimensions of the globule H.
Associations are denoted by the purple crosses, and the elongated globule structure
of the globule outlined by the orange perimeter.
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ing to the analytical forms for v' and vT respectively. For vf', we release a binder
to reveal the next-bound bead along the length of the sausage. The appropriate
probability is given by a geometric distribution, where we spatially move in the pos-
itive 1 direction and consider whether or not the next bead is bound to the surface.
The probability of a given bead being bound is given by a fractional binding fB, so
the probability u of a bead 31 from the original binder being bound is given by the
equation:
WB,! = fB(1~fB) (18-5)
where n(61) is the number of beads in between 1 and 1+31. This can be geometrically
determined to be, on average, the surface area between 1 and 1 + 31 divided by the
area of a single bead:
n(ol) = H1 (18.6)irfp2a
where fP2 is the two-dimensional packing fraction. If these probabilities represent the
unbinding probability per attempt, we must calculate an attempt rate for unbinding.
This is given by the Arrhenius unbinding probability vUB = voe-AEB/kBT, which is
equivalent to 1/TL where TL is the lifetime of the bond. We thus obtain the result:
HSI
vt = vofB( ~ fB) eEUkT (18.7)
For v, we calculate the probability of binding within the region described by
1. Once again, the probability that binding will occur in this region is given by a
geometric distribution:
HI
LJJUB,l = PB (1 -PB) fP202  (18.8)
where the probability PB = e-AEB/kBT is the binding probability if the attempt fre-
quency is vo. The geometric distribution is necessary due to the irrelevancy of a
rebinding event if a rebinding occurred at a smaller value of 1. For extremely frequent
attempt rates, the factor (1 - PB) + 1, rendering a simple form for vy:
v- = voe-AEB/kBT (18.9)
18.2.2 Rebinding transitions
While the previous modes are perhaps the most relevant for the description of the
translation of these globules along the surface, we consider one additional "rebinding"
mode of i-shortening. This mode is distinct in that it has an opposite effect on
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1= 0
Figure 18-3: Schematic demonstrating the rebinding mechanism (vb) in the presence
of a shear flow '. A bead at height from the surface h can fluctuate against the
flow and discover a surface binder (designated by a cross), causing the end-to-binder
distance to be 1 = 0. While we have given this mechanism a clear geometric interpre-
tation here, it is unclear if this interpretation is indeed representative of the actual
globule dynamics. The elongated globule structure of the globule outlined by the
orange perimeter.
the translational velocity of the globule than the aforementioned mechanisms, and
actually moves the globule against the flow. While this traveling behavior will be
negligible at large shear rates where there is a large energetic barrier preventing
counter-flow motion, this thermal process does become significant at low shear rates.
We model the rebinding process using the same rectangular prism geometry that
we used to calculate the original binding/unbinding mechanisms, which is schemat-
ically shown in Figure 18-3. We consider the rebinding of the face of the globule
opposing the shear flow to be an activated process, where there is a flow-based free
energy barrier that must be overcome that adds to the already-existing binding bar-
rier. To calculate this barrier, we approximate the torque on a given bead to be solely
due to the applied fluid flow. For a bead of height h from the surface:
T(h,0) = 2 2 cos2 0 (18.10)
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where 0 is defined as in Figure X. Integrating this over the angular path to the surface,
we can obtain the work required to undergo this rebinding:
7/2 7 h
VY70 = T(h, O)dO = f (18.11)
The probability of a binder at a specific height h rebinding over a time of To is:
Prb(h) = e-(AkB+ h/ (18.12)
To determine the overall probability Prb,tot of this happening in a given time ro, we
calculate the probability that rebinding did not occur at all PArb,tot = 1 - Prb,tot:
pArb,tot = (1 - Prb(hi)) (18.13)
where the product is done over each bead at the rebinding surface. We calculate this
product by taking the natural log of both sides:
In prb,tt = n [1 - p(hi)] = In [1 - Prb(h)] H In [1 - Prb(h)]dhI =
fp2f ~fp0
e-e 0h' ej, f &.14
so therefore:
H ftPB 0 '4/iIII1
Prb,tot = 1 P!rb,tot = 1- e * C p erf 5 (18.15)
7rfpf/ IY4]
where at the last step we add in a proportionality constant C that accounts for
time-time correlations in rebinding, which would be expected when the time scale
of rebinding is much more rapid than the overall reorganization of the globule itself
(which is largely dependent on the unbinding time scales).
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18.2.3 Final Evolution Equation
Consolidating these equations, we end up with the result:
ap * Hn
-r - = ZesE0|knIT +n ~ fB{(I - fB) 7rla F +
+ fB(7 P B)-n - eEo|kBTT _ TLVef f 11 QAl - 1) - l+1] +
+J(1 = 0) Prb,tot4'n - A(l - 1)Prb,tot Il (18.16)
where the first four terms on the right account for unbinding/binding processes, the
fifth term describes the overall globule motion due to the applied shear rate, and
the last two terms account for the aforementioned rebinding process. This equation
can be solved numerically and at steady state (&'/c8t = 0), the results of which are
shown in the upcoming Results and Discussion section for a number of conditions.
The crucial variable is the product veff TL = HrL/2, which provides the comparison
between the time scale of the shear rate - and the binding lifetime TL. If the time
scale of the shear rate is long, such that the shear rate is small, then the binding
lifetime will be unobservable during the translational movement. As soon as the two
time scales begin to be similar, however, there will be a large peak of the probability
distribution p(l) at 1 = 0 where the molecule is trapped and can no longer move. We
can calculate the velocity of the globule by calculating from the distribution:
(Veff ) = TO x 0 + T OH /2 (18.17)
which is a weighted distribution assuming that T is normalized to 1. It is unclear
how the rebinding effect would contribute to velocity, since the picture provided above
considers the geometry in a very approximated fashion. For now we neglect rebinding
contributions and speculate on them when considering the results.
In the same fashion as previous works, we can also recreate an individual tra-
jectory from this type of theory by stochastically stepping through the calculated
distributions. These results, in the long time-scale binding regime, should demon-
strate the characteristic "velocity burst" representations seen in the literature for
vesicle and cell rolling. To calculate these types of graphs, we start the polymer at
an initial value for 1 (we use 1 = 5.0, but memory of this is lost immediately). We
then calculate the probabilities through defining a cumulative probability function (
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associated with the jump probability spectrum v,p:
E1OW(O , WI) = O (18.18)
l <l
At = E1=0 V11 + 1 0 - E_*v, 1 = ' (18.19)
~F1' 1 VI I" + EN - _I4,J' + Emw1 1 1  1>1
which yields the probability of moving to a leading edge length of < 10. We can define
the inverse function f((, W',t-At) that outputs the l associated with a random number
( between 0 and 1. We can then write the evolution of the trajectory as:
1(t) = f((, v,5(t - At),l(t - At)) (18.20)
which tracks the probabilistic jump from one l to another 1 for a given time step.
18.2.4 Binder coupling for globule-stretch transitions near
surfaces
Implicit in the above simulation is a dependance of the distributions I on the globule
dimension H. While we can show that only the tail of the l distribution is drastically
affected by the globule dimensions, the actual position of the globule-stretch transition
is. We present a simplified, freely draining version of the globule-stretch transition
here to clarify the role of the surface in dictating its dynamical properties.
To determine the stretching behavior of a single polymer globule in a freely-
draining hydrodynamic situation, we consider a balance of two driving forces; the
stretching drag force due to the fluid flow and the cohesive force of the globule.
We will, since we expect it to be negligible for the case of a collapsed polymer,
neglect the adhesive forces between the globule and the surface. Through this scaling
representation we describe the primary effect of a surface tethering constraint.
We represent the cohesive force of the globule in a similar fashion to Brochard-
Wyart and Buguin,[16] who represent the cohesive energy with a harmonic potential
whose depth depends on the surface tension, and thus the extension force is Hookean:
fwa 
-u (L - ) (18.21)
kBT 2
where ii is the cohesive energy of the globule (the factor z/2 corresponds to the half
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lost upon creating a surface), L = L/a is the dimensionless extension of the globule,
and R = R/a is the radius of the unperturbed globule (in general, tildes denote
dimensionless values, taken with respect to thermal energy kBT, bead radius a, and
single bead diffusion time -r = 67rqsa3/(kBT), where qs is the solvent viscosity).
We must integrate over the globule to obtain the total force due to the shear flow:
v. IdV 3f pfdrag 4 -- [iO -- 7z,reI] (18.22)
where we have normalized the volume integral to account for the all heights are taken
with reference to the height at which the velocity of the flow is the same as the overall
translational velocity of the globule. This is the crucial ingredient to this theory, since
the identification of the correct reference height changes considerably depending on
whether or not the globule is "sticking" or "slipping." In the case of the "sticking"
globule, the reference height is at rz,ref = 0. We can carry out this integration under
the assumption of a simplified rectangular prismatic geometry shown:
3fp- H _2 N Hh2__
fdrag,stick L H J  dh = 2 ' 2 N= 52 (18.23)
47 oH 1 3
where we have substituted in the equation for a constant volume globule, 47rN =
3fpH 2 L to eliminate L from the integrand. Alternatively, for the "slipping" globule,
the translational velocity of the of the globule is equivalent to the fluid velocity at a
height of rz,ref = H/2. The corresponding integration for the drag force is then:
3f~ f1/2 ~~~ 2N~ f/2 ~ N_y2
fdrag,slip ~ 2 0 LfHh 2 dh = ~ h2 d h (18.24)47r o H 12
which is the same scaling as for the case of the "sticking" case, only a factor of 4 less
force.
If we equate the drag force and the cohesive force, fcoh fdrag, we get the equation:
N H 2  C zi (L-2N1/3 ) (18.25)
3 2
where C is a proportionality constant. We replace H 2 = NIL and solve for L to obtain
the result:
Ltick 2N1/3 + 4N 2/3 + 3C =i - 2N 1/3+ 4N 2/3 + ~ (18.26)
2 3CzAui 2 \2
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for the "stuck" case, where we have made the replacement 3CzAi/8 -+ y* where y*
is a characteristic transition shear rate. We can likewise derive:
~si 1 2N13 N/+N2L81 , = - 2Ni/3 + + ~2 (18.27)2 \47*
for the "slip" case. Here we obtain a prediction for the difference in elongation for the
stuck versus slipping polymer, which is entirely due to a change of reference frame from
that of the center of mass of the globule to that of the surface. A similar transition is
observed in the case of a collapsed globule with hydrodynamic interactions, which is
demonstrated in previous chapters. [15] Therefore, while these results are relevant to
this particular case, consideration of hydrodynamic interacting polymers will result
in analogous behavior.
We expect the different stretching behaviors to manifest as an intermediate be-
havior that depends on the balance of the stick to slip ratio. This can be calculated
in a similar fashion to the translational velocity:
IL = 'ToLtie* + IF1 >oIuP (18.28)
which will demonstrate a decrease in the extension length as the binding becomes
quicker, as the polymer will be mostly in the "slip" state. This effectively decreases
the critical shear rate for the transition upon increasing the lifetime of the binding, an
effect which we will observe in the upcoming section. This effect is also expected in
the case of a hydrodynamic interacting polymer, since the coupling to the surface is
due to the non-hydrodynamic effect of changing reference states, however the nature
of the transition would change completely. [15]
18.3 Results and Discussion
Brownian Dynamics simulations are once again used to study the self-associating
polymers near the surface, with a setup that is essentially the same as in the previous
chapter. [15] The difference lies in the incorporation of self-associations at the surface,
using the same Bell Model-based Monte-Carlo type updates for the surface-polymer
interactions that were used in Chapter 11, however the spring potential is now cen-
tered around 0 rather than 2a. [17, 18, 19, 20, 21, 22, 23] We retain Lennard-Jones
type interactions when modeling the homopolymer itself, a behavior which implies
ergodic interactions between adjacent monomers. We average runs for between 5 x 108
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Figure 18-4: Distribution of distance-to-binder I values, Tf, as a function of I calcu-
lated both from simulation (a) and theory (b) for a range of shear rates . Distri-
butions match both quantitatively and qualitatively, and are normalized to 1 such
that they are true probability distribution functions. The collapse of the polymer
is Aii = 2.0, unbinding barrier height for surface binders is AEUB = 11.0, and
AEo = -2.0.
and 2 x 109 time steps with Ai = 1 x 10-1 and 1/vo = 0.0025. Differing degrees of col-
lapse were tested, represented by different values of ii, however the data shown is for
the specific case of ii = 2.0 since changes in ii do not manifest themselves as changes in
properties so long as the polymer is collapsed. The tested ii = 2.0 is a well-collapsed
liquid globule regime for N = 50.
We can directly measure the relevant distribution TT as a function of I from simu-
lations by running long simulations such that the molecule sufficiently explores con-
formational space. We can calculate the time scale of interactions, which will be
the longest time scales attained in these simulations, to be for unbinding energies
of AEUB = 13.0, TL ~ (1/vo)exp(13.0) = 11067. This corresponds to 1.1 x 107 time
steps, which is much less than 2 x 109 time steps used in a simulation run. These
calculations yield the distributions demonstrated in Figure 18-4a, which shows i for
a number of shear rates ~~y. At I=0, there is a large peak that represents molecules in
the "stuck" state, since the rear end of the polymer cannot advance since it is bound
to the surface with an association. It becomes increasingly unlikely to have a larger
of 1, as T7 decreases with increasing 1. Conceptually, this points to both the constant
evolution of the distribution towards I = 0 due to the shear flow and the tendency
of the unbound section to rebind to the surface through associations to decrease this
length. We note that statistics get unreliable at qjtiWaj < 10-3 due to sampling sizes.
In Figure 18-4b, we demonstrate numerically solved equation X using the same con-
ditions (with H = 5.5 and C = 1.0, which are typical values). We observe extremely
435
good qualitative and quantitative matching between the simulation and the theory,
with trends of xT' due to changes in both 1 and ' predicted to our master equation
approach.
The crucial feature of these plots is the decrease in the I * 0 portions of the
distribution as shear is increased. This is due primarily to the more rapid evolution
of the globule towards I= 0 due to the shear-induced globule motion. Ultimately, this
enhances the peak at I= 0 where "sticking" is predominant, and the globule resides
more often in this state. This is clearly demonstrated in the plots of Figure 18-5,
which show both the simulation and theoretical evolution of the I variable. In these
plots, we emphasize the shape of the peaks observed at given values of . At ' = 0.01,
peaks (which correspond to moments where the molecule is undergoing translation),
are broad and display a random walk-like behavior that is directed slightly towards
the I= 0 baseline. The rearrangement of the globule thus happens on a time scale
that is generally less than the shear-induced motion. At 1 = 0.10, the peaks start to
become sharper as the shear drives them back into the stuck state more quickly, and
finally at 7 = 1.00 the peaks are extremely sharp. The lower frequency of the peaks
are an artifact of the way that data is collected, since the structural characteristics
are measured at these high frequencies at time scales that are long compared to the
peak formation and destruction process. A more accurate measurement would show
that the residency time in the I = 0 state is the same regardless of the shear rate. This
can be demonstrated by "measuring" more frequently in the theory, which reveals the
presence of unobserved peaks upon increasing the time resolution.
Beyond adjusting the shear rate -, it is possible to change the polymer's transla-
tional velocity by adjusting the dissociation energy A5UB. This changes the "stick"
to "slip" frequency, such that if unbinding is rapid stuck conformations last for a neg-
ligible amount of time while slow unbinding leads to a polymer that resides in these
conformations for the majority of the time. This is demonstrated in the simulation
and theory data for the the same case as in Figure 18-4 in Figure 18-6, only now the
shear rate is fixed at - = 0.05 and the unbinding energy is adjusted. There is again
both qualitative and quantitative matching between the two calculations, suggesting
that we have captured the essential physics within our model. The caveat to this
assertion is that the same type of data for large differences AE 0 between bound and
unbound states can lead to large time-time correlation effects. This is apparent in
the case of A5 0 = -4, which requires the use of C # 1 to fit the data in a meaning-
ful way (shown in Figure 18-9). This effect is likely due to the relative slowness of
the globule reorganization compared to the frequency of rebinding events, which is a
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Figure 18-5: The evolution of the end-to-binder distance I as a function of time
i, calculated from both simulation (a) and theory (b) for a number of shear rates.
Different traces are offset by I = 4 to clearly show the changes in the dynamical
behavior of surface-attached globules in the presence of a shear flow.
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Figure 18-6: Distribution of end-to-binder distance I values, T7, as a function of I
calculated from both simulation (a) and theory (b) for a number of values of AEUB.
= 0.05, AEO = -2.0, and Ai = 2.0. Excellent agreement is observed between the
two graphs, which suggests that our theory contains the essential physics necessary
to describe this system.
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Figure 18-7: Distribution of end-to-binder distance I values, IF, as a function of I
calculated from both simulation (a) and theory (b) for a number of values of AEUB.
= 0.05, AE 0 = -4.0, and Ais = 2.0. C = 20, suggesting that large time-correlation
effects exist. This is understood as due to the large difference between AEUB and
AEB, since rebinding can occur well before the polymer itself can reorganize such
that it demonstrates an "averaged" structure.
direct competition between the binding AEB and unbinding AEUB energies.
We can use these distributions to calculate the translational velocity as described
in Equation 18.28. We show in Figure 18-8 the justification for such a binary approach
(stick or slip). This graph tracks the x-position over time of a globule under the influ-
ence of shear, and the step-like shape of this curve suggests the breakdown into stuck
(flat) and non-stuck (sloped) behaviors. Calculation of the shear-normalized velocity
6/~ as a function of shear rate ~~ is shown in Figure 18-9 for a variety of unbinding
barriers AEUB with the same equilibrium A5 0 . This is calculated directly for simu-
lation (connected points), and from the distribution Ti for theory. Like the previous
results, qualitative matching is obtained along with semiquantitative matching. Not
included in the theoretical results is the effect that rebinding behaviors have on the
overall translational velocity. We expect this to lower the velocity, though the precise
nature of how rebinding couples to the globule geometry is unclear. The expectation,
however, agrees with the observation that the theoretical results are typically larger
than the simulation results by a non-negligible (but consistent) amount. The con-
nection to rebinding is suggested by the decrease of the gap between simulation and
theory as shear rate is increased, since these forces would bias against rebinding.
The effect of the stick-slip behavior on shear-induced globule elongation is clearly
observed in the simulation data. For the same conditions as in Figure 18-9, we
demonstrate an enhanced transition (one that occurs at lower shear rates) for globules
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Figure 18-8: Simulation of the renormalized position (i = x(t)/((~)At)) versus time
i for a number of barrier heights AFUB. The "stick" regimes become much more
long-lived as the barrier height is increased, resulting in a characteristic stair-step
plot.
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Figure 18-9: Shear normalized velocity i5/y as a function of shear rate ~ for a variety
of unbinding barriers AFUB. Simulation values are denoted by connected points
and theory is denoted by solid lines. Qualitative matching occurs, however exact
quantitative matching is prevented by the omission of rebinding effects (which would
lower the theoretical results). Asi = 2.0, AEo = -2.0, and C = 1.
440
0.40
0.35-
0.30-
40.25 --
"-0.20
0.15 -
0.10
0 .05 - 1a aAA ea a 6 -i -
0.01 0.1 1
Figure 18-10: Globule extension L/(2N) as a function of the shear rate ' for a number
of unbinding barriers AEUB (the same as in Figure 18-9 - AEUB = 9.0 (black), = 11.0
(red), and = 13.0 (blue)). At small extensions where time correlation effects are
not prominent, we obtain quantitative and qualitative matching of theory (lines) to
simulation (points). Au = 2.0, AEo = -2.0, and C = 1.
that bind to the surface with long time-scale interactions. This is shown in Figure
18-10, which plots the fractional extension L/(2N) as a function of shear rate 4 for a
number of unbinding barriers AEUB. At low barriers, where the molecule is almost
entirely "slipping", the polymer stretches in accordance with the stretching behavior
predicted by the theory (Equation 18.27, solid lines in Figure 18-10). By incorporating
the stick-slip ideas, we obtain the other two solid lines in Figure 18-10 for larger
barriers. Clearly, this prediction is not sufficient at large elongations, most likely due
to time-correlation effects, but at small deformations the matching is quantitative.
This suggests that, at least conceptually, we are describing the relevant physical effect
observed in simulation. Furthermore, this once again predicts the presence of surface-
enhanced shear-induced stretching transitions that may be crucial in describing vWF
behavior.
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18.3.1 Discussion of the Role of Hydrodynamic Interactions
We can obtain largely quantitative theoretical descriptions of our system, however
it is unclear that this system actually reflects reality due to our intentional neglect
of hydrodynamic interactions. Given the current state of research on hydrodynamic
interacting systems, however, it is possible to conceptually predict the role they will
play on the aforementioned physical processes.
In this system, hydrodynamic interactions play an important role by both giving
rise to screening effects and lift forces. [15, 24, 25] The former arguably has the most
relevance, since the mechanism of elongation is abruptly changed upon inclusion of
screening. In our current model, we conceptualize the stretch transition as a competi-
tion between surface tension and flow drag strength integrated throughout the globule
volume. A similar competition takes place upon incorporation of hydrodynamic inter-
actions, however screening-induced flow stagnation inside the globule means that flow
drag is only integrated over thermally activated surface protrusions. [15, 26] Thus,
these transitions will typically occur at larger shear rates. While this will change the
form of extension, the binder-induced depression of the transition shear rate will still
occur, as a similar effect was observed for this type of model for a Lennard-Jones
system. [15]
The presence of hydrodynamic lift forces has already been discussed in length, and
in this context we expect the lift force to yet again play an important role as imposing
a "limiting" shear rate for these dynamics (once the lift force overcomes adhesion,
we expect large scale desorption). There may, however, be reason to suspect the
suppression of these lift forces due to the quasi-covelent nature of our associations.
The lift forces rely on an entropy-induced counterflow to an applied flow field due
to the entropic force directly coupling to the surrounding fluid. [25] However, with
interactions we expect that this force will also partly be coupled to the underlying
medium through the associations, meaning that desorption would all of a sudden
show similar dynamics to those of unbinding. This area may receive more scrutiny in
the future, due to its implications on adsorption/desorption phenomena.
18.4 Conclusion
There is a clear an marked effect on the translational velocity of a collapsed globule
that is attached to the surface using reversible association-type bonds and placed
under the influence of shear flow. We obtain simulation results that qualitatively agree
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with the type of behaviors observed in simulation for vesicles attached to surfaces
using similar binding protocol, and we provide a theoretical description of the process
using a master equation approach. Despite using the freely-draining assumption, we
elucidate the underlying stick-slip motion that is expected for systems of this type,
and our theory matches quantitatively to all aspects of the dynamics of these collapsed
polymers. A binder-induced stretch transition enhancement is observed, due largely
to the change in reference frame that changes drastically the shear stresses felt by the
globule.
These effects, and in particular their quantitative, theoretical treatment builds up
the context in which more complicated and interesting systems lie. For example, the
protein von Willebrand Factor demonstrates counterintuitive adsorption and shear
response properties, an enigma that may be finally understood through the use of long
time-scale interactions. [27] These long-lived associations tend to increase residence
times in otherwise short-lived stuck conformational states, which are observed by the
relatively rapid evolution of non-stuck conformations to these trapped positions at
high shear. This could likewise be a useful mechanism in both characterization and
application of ligand-receptor pairs, as the statistical nature of the stick-slip motion
is directly related to their energy landscape.
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Chapter 19
Blood Clotting-Inspired Polymer
Physics - A Perspective
19.1 Conclusion
This dissertation has interrogated a biological system - von Willebrand Factor - in
such a way that its physical characteristics have been largely elucidated. This was
carried out through a "perturbative approach" to polymer physics that begins with
a widely-used model and incrementally adds elements of complexity. By doing so,
we can investigate the direct effects of incorporating individual physical ideas to the
problem rather than trying to separate a whole host of effects and their respective
interactions.
For von Willebrand Factor, our initial model was derived from a general Hamilto-
nian that left open the question of specific interactions, which was rendered "effective"
by assuming an ergodic system with respect to interacting "dimers". These "dimers"
are repeating units specific to von Willebrand Factor at the quaternary level, and allow
us to conveniently represent a complex biological structure as a single homopolymer.
The description of a complex, sequenced protein is thus able to be described using a
bead-rod model of a polymer in a solvent due to the repetitive nature of its quaternary
structure, with interactions represented in an effective way using standard Lennard-
Jones potentials. Upon increasing the depth of these potentials, the collapsed state of
vWF is realized and it is possible to probe the dynamics to understand the behavior
of single vWF chains.
Using this L-J bead-rod model, we first investigate the globule-stretch behav-
ior of single collapsed homopolymers in fluid flows. By describing the process for
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elongational flows, it is possible to verify previously-proposed mechanisms for the
globule-stretched transitions. Specifically, the nucleation-protrusion mechanism real-
ized once hydrodynamic interactions are incorporated is shown to be both relevant
and clearly observable in elongational flow. The use of these ideas enable the deter-
mination of observable values, particularly dilute solution viscosity. These ideas can
be generalized to the case of arbitrary fluid flows, and I demonstrate the full map-
ping of the polymer globule behavior in any two-dimensional fluid flow. These ideas
are rendered complete by the probing of dynamics within the single polymer chains
probed by force spectroscopy methods, which describe the reptation-like scaling of
internal friction and a size-dependent solidification transition. Upon understanding
these aspects of our work, it is apparent that fluid flow serves as a powerful way to
manipulate polymer globules in a drastic and controllable fashion, especially through
elongational flows as in the biological case of vasoconstriction.
The use of L-J interactions in the first part of this dissertation rely on an implicit
ergodicity assumption. Essentially, we can replace specific interactions with effective
interactions so long as the observables are on longer time scales than these inter-
actions. We can incorporate a simple non-ergodic picture into our model through
the use of Bell-Model type interactions, which assume a two-state equilibrium where
dynamics between the two binding states are controlled by an energy barrier. These
time scales have a large impact on the ability to respond to external stimuli, while
still exhibiting essentially equivalent equilibrium structure. The incorporation of dy-
namical loads allow the probing of these molecules, and we focus on both the shear
response and pulling response with both simulation and theory. The shear response
demonstrates a strong non-monotonicity that is due to the presence of a "constrained"
globule state that prevents stretching at rates faster than the natural relaxation rate
of the associations. This is echoed in the pulling response, which demonstrates a
dissipation transition at elevated pulling speeds due to the inability of the associa-
tions to reorganize such that they accommodate the applied force. Theory based on a
master equation approach for both shear and pulling responses explain the observed
dynamics.
The third section of the dissertation considers both the L-J and Bell Model inter-
actions in the context of polymers near surfaces. The presence of surfaces drastically
changes both the conformational and dynamical properties of a homopolymer, the
latter being demonstrated by the calculation of the near-field result for the hydro-
dynamic lift force on an extended polymer. The near-field result demonstrates that
the lift force is non-monotonic in this limit such that it does not, as previously as-
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serted, diverge at the boundary of the surface but rather demonstrates a maximum
at lengths comparable to the polymer extension length. These ideas can be placed in
the context of tethered polymer chains, to reveal interesting geometric consequences
in the presence of shear flow. This is all synthesized upon the consideration of chain
adsorption of the L-J case in the presence of a fluid flow. We demonstrate that,
theoretically, such a model cannot predict the counterintuitive adsorption behavior
exhibited by vWF. Instead, only shear-induced desorption takes place.
We finally include the Bell Model interactions into the adsorption picture, and
show how the presence of a constrained surface-stuck state allows the realization of
vWF-like adsorption behavior. The presence of long-lasting bonds will allow for the
capture of single globules and stretch what would be remain unstretched in the bulk.
This is related to the surface-induced stretching behavior seen in the L-J model, only
the stretching near the surface could in this case immediately evolves the state to the
surface-stuck conformation. This results in a dynamic "adsorption" that circumvents
the presence of a lift force by kinetically trapping the molecule at the surface through
binding kinetics.
While experimental justification of many of these effects has yet to be performed,
current experimental data appears promising. Recent investigations, for example, into
the globule-stretch transitions in collapsed DNA as it responds to elongational electric
fields demonstrates a nucleation-protrusion mechanism similar to the one proposed in
the first part of this thesis (see Figure 19-1).[1] Likewise, data describing the pulling
of vWF through force microscopy methods demonstrates qualitative similarities to
the pulling of Bell Model-based associating polymers (see Figure 19-2),[2] and the
enhanced response of collapsed globules to elongational flows when compared to shear
flows is apparently backed up by physiological response (vasoconstriction).[3]
In conclusion, we have built a simulation model based on a statistical mechanical
treatment of the structure of vWF. Through an ergodic assumption, we reduced it to
a bead-spring model and determined through incremental addition of complexities to
this model the physics that we expect to govern vWF behavior.
19.2 vWF Response and Adsorption: A Hypoth-
esis
We must stop short of declaring the success of this line of inquiry with relation to
the counterintuitive physical behavior of von Willebrand Factor in in-vitro studies.
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Figure 19-1: Collapsed, fluorescently-labeled DNA molecules can be elongated using
electrical fields. Hydrodynamic equations and electrostatic equations are very similar,
so the nucleation-protrusion mechanism seen here is analogous to the mechanism
hypothesized in Chapters 3-5.
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Figure 19-2: Force-extension behavior of vWF that is pulled, as determined by exper-
iment. The observed sawtooth pattern is characteristic of these biological molecules,
and matches well with our simulation and theory investigations in Chapter 11.
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Figure 19-3: Schematic mapping the "states" that a collapsed polymer may reside in
as it interacts with a surface in the presence of a fluid flow. The state is described by
two letters; the first denotes the conformation and is either C or S (for collapsed and
stretched), and the second denotes position and is one of S, N, or F (for surface, near-
surface, or far from surface). The transitions among these states occur at frequencies
y, the balance of which are given by the energetic landscapes of polymer-polymer and
polymer-surface interactions as well as the shear rate.
Beyond detailed experimental study, we can currently only speculate as to the physical
principles that govern its high-shear adsorption behavior in the experiments outlined
in [4].
This speculation is built, however, on the principles contained within this dis-
sertation and is the likely mechanism for the shear-induced adsorption of vWF in
in-vitro experiments. I schematically demonstrate the hypothesized mechanism in
Figure 19-3, which is based on a series of "states" through which the polymer can
evolve. I designate these states by two descriptive variables c or s for "collapsed"
or "stretched", followed by s, n, and f for "surface", "near-surface", and "far from
surface" respectively. The transition frequency is from one state to another is given
by 1,2 where 1 and 2 are the two-letter state designations for the initial and final
states. We can label all of the relevant transitions in Figure 19-3, and so long as we
know the relative magnitudes of all of these transitions we can surmise the dominant
state of the system.
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To illustrate how it might be possible to realize a situation where shear-induced
adsorption might take place, we consider the cyclic adsorption regime where 4j < 4 <
4*. In the L-J case, the collapsed globule can attach to the surface by approaching
it diffusively, however once at the surface the shear flow is strong enough to stretch
out the polymer and desorb it from the surface. This is analogous to the case where
surface binding is quick shown in Figure 19-4a, which demonstrates quick properties
with red arrows and slow processes with grey arrows. In this figure, we emphasize the
slow processes; due to the lift force, it is very hard for a stretched polymer to attach
to the surface in its elongated state, and likewise it is uncommon for the near-surface
collapsed polymer to stretch. On top of these slow processes, there is rapid surface-
based "tumbling" behavior where the polymer is stretching and unstretching while
remaining bound, and there is simultaneously a rapid desorption of the stretched,
bound state. This establishes what is essentially a cycle (though backwards steps in
the cycle are allowed): a stretched, surface-bound polymer is very likely to desorb and
then proceed directly to a collapsed globule that can readily rebind to the surface.
Figure 19-4 demonstrates the alternative case, where the polymer interacts with
the surface through slow, long-time scale associations like in Chapter 13. While the
surface stretching process remains fast, movement away from the stretched, bound
polymer becomes extremely slow. This is due to the large number of sticky associ-
ations, all of which must be unbound before a transition to one of the other states
is observed. The polymer most often resides in this state as long as ve,,, is quick,
which occurs above i, which becomes the shear-induced adsorption transition. This
is especially drastic if the equilibrium between the C, N and C, S states strongly fa-
vors the unbound C, N state, which occurs if the overall binding energy of adsorption
is very small. To an observer, at zero shear rate this will be essentially an unbound
polymer, however upon increasing the shear rate the small amount of time that the
polymer is indeed bound will precipitate into the S, S state.
I reiterate that this is only a hypothesis; however, these assertions can be pieced
together from the cumulative knowledge gained through this thesis. Clearly, upon the
application of a dynamic load, counterintuitive results can occur due to the uneven
response of each state of the system to that load. This principle must play a promi-
nent role in the appearance of the shear-induced adsorption, and this is perhaps the
simplest system description that allows for such a phenomenon. We are eager to see
if and when simulation and (ultimately) experimental verification of this hypothesis
will follow.
Initial investigations have already lent credence to these ideas. We have started
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Figure 19-4: Schematic mapping the "states" that a collapsed polymer may reside in
as it interacts with a surface in the presence of a fluid flow for flows in the "cyclic"
regime described in Chapter 12. In (a), rapid binding is shown with slower frequencies
represented with grey arrows and faster frequencies represented with red arrows. This
is the typical cyclic behavior, undergoing the pathway C, N -+ C, S -+ S, S -> S, N -+
C, N. In (b), slow binding suppresses transitions leading away from the S, S state
while enhancing transitions towards S, S. This results in the adsorbed S, S state
becoming the one primarily observed.
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looking at the adsorption of single chain collapsed polymers to surfaces decorated
with associating binders in the presence of hydrodynamic interactions. While the
results are preliminary, we provide sample data in Figure 19-5 that shows how the
fraction bound (4), as well as the distance of the surface (zcom) as a function of
shear rate for large binding barriers (slow binding kinetics). A marked increase in
binders, as well as a pronounced decrease in height from the surface, are observed
upon increasing shear rate. This effect is, qualitatively at this point, larger upon
increasing the number of monomers due to the pronounced nature of cooperativity
at the surface. The larger number of monomers increases the absolute number of
surface-bound monomers such that separation becomes large and the likelihood of
conformationally evolving to a highly bound state increases. We expect that theories
developed from these ideas will reproduce most of the behaviors of in vitro vWF in
shear flow.
Cooperativity and long binding times show a small amount of shear-induced ad-
sorption behavior in Figure 19-5, however initial investigations suggest that the win-
dow for this behavior is relatively small. In the biological situation, the precise
force manipulation of the binding energy landscape may play a role - particularly
in the inclusion of catch bond behavior. Initial simulations investigating this behav-
ior, examples of which are shown in Figure 19-6. Rather than providing a detailed
parameterization of a catch bond, we only move towards catch bond-like behavior
by simply removing the force-dependence of the unbinding barrier. Here, the same
features shown in Figure 19-5 are seen for low unbinding energies (5UB), with an
initial medium-shear binding that eventually is overwhelmed by the lift force at high
shear. If the barrier is increased, however, desorption is completely suppressed at
high shears. This demonstrates a shear-induced adsorption that is analogous to
in vitro experiments of vWF, and this culmination of theoretical ideas represents the
first full description of the system elements that must be present in order for vWF to
display the behavior observed by experimentalists.
19.3 Future Work
While we have provided a relatively thorough investigation into the governing prin-
ciples surrounding single-chain vWF behavior, a great deal many direct questions
arise from this somewhat simplified scenario. We have shown that the introduction
of (for example) surfaces can have a great effect on the properties necessary in order
to observe the type of adsorption behavior seen in an in vitro shear flow. In the bio-
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Figure 19-5: Average center of mass height away from the surface at i = 0 (zcoM,
red points) and number of binders at the surface ((#), black points) for a collapsed
polymer 6 = 1.0, N = 50 that interacts with the surface with EUB = 11.50 and
5o = -4.0. Three regimes are realized: (I) at low shears the polymer is collapsed
and weakly interacting with the surface, in equilibrium but still collapsed,(II) at
intermediate shears the polymer's number of binders attached to the surface increases
significantly and becomes highly attached and stretched at the surface, and (III)
hydrodynamic lift finally drives complete desorption. These effects are relatively
small due to the polymers' small size (N = 50), but we expect that cooperativity
effects for larger values of N and more accurate portrayals of binding landscapes (i.e.
catch bonds) will drive much more drastic shear-induced adsorption.
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Figure 19-6: Average center of mass height away from the surface at z = 0 (zcom,
black points) and number of binders at the surface ((<5), red points) for a collapsed
polymer ii = 1.0, N = 50 that interacts with the surface with EU = 9.50 (light colors),
= 10.0 (dark colors), and EB = 8.50. This is different from Figure 19-5 in that the
force-dependence of the binding associations, thus changing the associations such
that they are no longer "slip" bonds. Despite the tendency to unbind due to the lift
force (which occurs for the EUB = 9.5 case), if the unbinding barrier is large enough
(AEUB = 10.0) desorption is completely suppressed. This is a strong shear-induced
adsorption effect, analogous to what is observed in vWF.
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logical context, however, vWF encounters a wide variety of fluid flows in conjunction
with a vast array of surface topographies. While the coarse-grained infinite medium
and flat surface cases are instructive, more realistic models of this biological process
require the incorporation of more complicated boundary conditions and components.
For example, while we can relate the elongational rate to stretching behavior in vaso-
constriction, the elongational strain may be insufficient to fully stretch the protein
and more complicated dynamics may be necessary (for example, cooperative behavior
between the shear and elongational strains may drive stretching). Furthermore, ac-
curate modeling of the non-ergodic binding behavior expected by vWF dimers, such
as the interesting force-lifetime behavior of bonds such as the "flex bond" between
GPIba and the Al domain.[5] Atomic-level modeling may provide context and sup-
plement these coarse-grained ideas by providing a lower-level length scale "input"
to our otherwise phenomenological interaction parameters (i.e. AEBUB, ii). Some
of the larger-length scale work has begun to be carried out, using more complicated
simulation methods to consider systems with more complicated flows and multibody
effects. Work in our group by Hsieh Chen has started to consider, for example, poly-
mers near surfaces and colloids. When it comes to increasing complexity, however,
we expect that while the problem is essentially unbounded, the nature of the problem
becomes more and more specific to just a single system.
Since the physics discussed in this manuscript are relatively general (and typi-
cally describe the system through only a few parameters), we expect that systems
could be designed to demonstrate similar principles. Synthetic supramolecular chem-
istry is now powerful enough to realize the structures necessary to observe or even
design experimentally the behaviors predicted in this dissertation. The criteria are
straightforward: first and foremost, the monomer units must be large. The shear rates
considered in these studies are scaled by TD ~ a3 , which means that small monomers
require much larger shear rates in order to reach the same value of ~y = -yrD. This prob-
lem is overcome by vWF through the use of its large "dimer" structures, which are on
the order of 50 nm (about an order of magnitude or two larger than monomers of a
synthetic polymer). This large-monomer structure lowers the transition shear rate to
values that are below the rates where the polymer would spontaneously depolymerize,
which is likely to occur in the case of traditional synthetic polymers. Such large struc-
tures are now commonplace in synthetic polymer chemistry; dendrimers or micelles,
for example, are often on the order of tens of nanometers in radius. Dendrimers,
especially, would be ideal due to their covalently bound structures and widely stud-
ied drug-delivery properties.[6] Linking these molecules using moieties such as DNA
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linkers or specific functional groups might be explored; similar structures have also
been reported using nanoparticles.[7]
It would also be important to maintain the ability to control the dynamics of the
associations between entities (whether they be dendrimers, nanoparticles, etc.) There
are a number of routes to choosing such moieties, and the tunability of such systems
is possible both through chemical and physical means. There are a number of widely-
used functional groups that use hydrogen bonding, for example, that demonstrate this
type of non-ergodic binding behavior on polymer time scales. [8, 9] Reversible covalent
bonds based on Diels-Alder chemistry and metal-ligand interactions have begun to
be widely incorporated into structure-forming materials in the field of supramolecular
chemistry, and there is a large palette of rates and binding energies to choose from.[9]
Furthermore, catalyzed reactions provide a facile route to controlling effective reaction
rates, since changes in their concentration will affect the binding barrier but not the
binding equilibrium.
The development of these types of experimental systems would enable the veri-
fication of the concepts developed in this proposal, and may lead the way towards
molecules that can be very precisely manipulated. Technologically, while we typically
deal with translationally invariant flows in this dissertation, it would be of great in-
terest to understand the dynamic response to flows that are more like singularities
or perturbations in otherwise non-critical flows. It has been shown in Chapter 5 that
there is a large hysteresis effect due to differences in the stretching and relaxation of
collapsed flow fields, so the understanding of how these manifest in a time-varying
fluid flow may provide clues as to how best to manipulate these systems.
There are interactions that we neglect for this particular case for simplicity under
the reasoning that these effects do not manifest in vWF experiments. For example,
we avoid explicit modeling of hydrophobic effects, sequence, and electrostatics. These
sort of effects may be useful, however, as flexibility in the design of flow-responsive
polymers becomes desirable; it is possible to therefore include these into both the
simulation and the theory. Electrostatics, for example, may allow the presence of
globule to "necklace" transitions that have been hypothesized to occur in the presence
of pH changes. [10] The flow-induced motion of counterions with respect to the polymer
may also play a large role in tuning conformational responses based on both flow and
pH.
Sequence is one of the aspects we were able to neglect in modeling vWF due
to its convenient, repetitive quaternary structure. This is not universally true with
proteins, however, even those that may also respond to shear flow. One prominent
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example is the structure of spider silk, which has a structure that is not regular how-
ever is known to undergo a stretching transition during the ejection from the spider
and possesses useful mechanical properties. [11] Controlling the structural components
through sequential heterogeneity is something that may provide new methods to ma-
nipulate single-chain and multi-chain systems. While some work directly related to
proteins and other biological molecules has already been under investigation, the vast
majority of this literature focuses solely on the equilibrium structure of these systems.
Our results in this thesis provide the background that enables not only static het-
erogeneity, but what could be dubbed "dynamic heterogeneity." This is the concept
that binders along the backbone of a polymer might not be only different in terms of
their interaction energy but also their interaction time scale. The latter could even
be observed without the former; if binders with disparate dynamics but the same
interaction energy were located along the backbone of the same chain, our results
suggest that the observed chain conformation in equilibrium would be indistinguish-
able from a homogenous one. A dynamic load, for example a shear flow or a chain
extension through pulling, may provide the tools through which such heterogeneity
is observed. We hypothesize on a new type of dynamically accessed self-assembly
using these methods, with otherwise-homogenous materials spontaneously forming
structure due to an applied load.
This behavior may occur in more than just single-chain polymer systems. The in-
corporation of long-lived and sequentially heterogenous self-association behaviors into
gels and semidilute polymer solutions may have similar effects, albeit with modified
dynamic considerations. Melts of polymers are not as clear, since the extremely slow
dynamics due to reptation may prevent interesting dynamic assembly effects from
manifesting. We have already developed initial simulations for association-based gel
systems using simulation methods similar to those developed in this dissertation. The
ensemble-averaged mean squared displacement of a monomer as time progresses is al-
ready seen to be strongly effected by the binding kinetics, shown in Figure 19-7. We
expect this to manifest itself in dynamical mechanical properties, which we expect to
probe in the near future.
Dynamic heterogeneity may also provide the ability to control the pathways such
that it is possible to design structured molecules as they evolve in time through
phase space. This would be useful, for example, in the relaxation of a polymer from
an extended state that represents a single point in phase space. If other routes in
phase space are rendered inaccessible due to the presence of long-lived binding states,
it may be possible to control the relaxation from this single point in such a way
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Figure 19-7: (Left) Snapshot of a simulation involving a gel of supramolecular as-
sociating polymers (N = 40, 10 chains). (Right) Log-log plot of mean-squared-
displacement ((AlfI) 2 ) versus time i for a number of binding/unbinding energies
(AEO = -4.0). As AEUB is increased, there is an increasing lag in the onset of
diffusion corresponding to the unbinding kinetics. Slopes correspond to Rouse (0.5)
and free-diffusion (1.0) respectively, however averaging is currently not sufficient to
draw a firm conclusion.
that kinetically trapped and topologically interesting states are created. This type of
evolution is typically described conceptually using the idea of a "funnel" shaped free
energy where the polymer goes from a high-energy extended state to a low-energy
structured state (see Figure 19-8).[121 We can ideally vary the shape of this funnel in
time through the incorporation of dynamic self-association constraints (Figure 19-8,
right).
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N
X = f(time, sequence)
Figure 19-8: Self-associating polymers, much like proteins, relax from a non-
equilibrium state (red dot) to an equilibrium collapsed state (blue dot) through a
number of different pathways. By introducing constraints (green crosses) that are a
function of time and sequence, we hope to guide this process to other non-equilibrium
states with non-trivial (and potentially hierarchical) structures.
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Addendum
Self-Assembling p-Walkers
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Chapter 20
Self-assembled Colloidal Walkers:
From Single Chain Motion to
Controlled Surface-Induced Flows
(An Addendum)
20.1 Introduction
While the main motif in this dissertation was understanding how fluids drive bi-
ological function in the case of von Willebrand in the blood clotting cascade, the
inverse process is just as ubiquitous in biology. Nature has engineered a variety of
ways to control the transport of fluids and matter in biological organisms that range
from classic pumps, such as the heart, to complex arrays of filaments that beat syn-
chronously to induce flow. The need to use such different approaches is due to the
broad spectrum of length scales at which the various processes occur. In particular,
at microscopic length scales the irrelevance of inertia implies that any cyclic motion
will result in zero net translation. In order to rectify fluid motion at the microscopic
scale, it is necessary to break the symmetry of the system [1]. In this respect, nature
has devised several mechanisms to transport materials in the microscopic realm, such
as flagellar rotation and ciliary beating [2]. The former breaks the symmetry by using
a spiral filament that functions in a similar fashion to a corkscrew, and is the primary
locomotion mechanism used by some bacteria to move and search for nutrients (e.g.
E. Coli)[1, 3]. In the case of cilia, filaments are anchored at the surface of the cells
and symmetry breaking occurs due to the filament flexibility. Assymetry arises from
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the velocity-dependence of cilia deformation, which results in different filament ge-
ometries for the fast, forward stroke compared to that for the slow, backward stroke
[4, 5, 6]. Cilia carpets perform tasks such as the locomotion of unicellular eukaryotes
(e.g. Paramecium)[7], the transport of mucus in the trachea [8], the development of
microscopic flows during the early stages of embryonic development[?], and even the
directed transport of the egg along the mammalian oviduct into the uterus [10]. One
particularly interesting feature of an individual filament, as well as the cooperative
motion of cilia carpets (cilium), is the creation of a local and dynamic flow that can
transport nutrients or other substances in a controlled fashion over length scales hun-
dreds of times the size of a single filament. The details of the flow are nevertheless
dictated by the particular actuation protocol and can be tuned to create the desired
flow profile [5, 6].
Cilia-based transport is an incredible example of the fine level of control of flows
in biological systems. The dynamics of the fluid in the vicinity of a ciliated surface
can be spatially and temporally modulated, such as in the case of metachronal waves
[?, 12]. It is thus of great interest to gain a more profound understanding of these
systems via the development of novel approaches to create bio-inspired flows. Studies
in this field will also lead to new advances in microfluidics and sensing, where bio-
inspired locomotion could facilitate elegant design and precise control substantially
beyond current technologies.
In recent years there have been important advances in creating systems that mimic
flows similar to those generated by cilia carpets. For example, scientists have been
successful at creating a "forest" of magnetic rods that pulsate in a similar fashion as
cilia when driven by magnetic fields [13], diodes that rely on induced elecroosmosis
to move nearby fluid [14, 15], and even carpets of fixed bacteria that exploit the
machinery already present in biology to create complex flows [16].
Here, we present an alternative approach to create controlled surface-induced flows
based on magnetic self-assembled chains composed of superparamagnetic beads that
walk on surfaces. Both experimental and theoretical studies show that the velocity,
direction, and particular flow characteristics can be controlled by direct manipulation
of the magnetic field that drives the motion of these "surface walking" assemblies.
These assemblies are dynamic since they exist only in the presence of an external
magnetic field, and their shape is strongly controlled by the magnetic field (e.g. they
undergo drag-induced fragmentation transitions at high frequencies). This system
represents a completely reversible self-assembled active material that can be used on
demand and does not require complex fabrication techniques.
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20.2 Results and Discussion
20.2.1 Single surface walker: assembly and dynamics
The basic unit of a carpet of surface walkers is a single chain of beads, and it proves
convenient to first analyze the behavior of a single chain in the absence of other sur-
rounding chains. A chain is driven to assemble upon application of an external field,
due to the induction of magnetic moments in the superparamagnetic beads. The
chains then behave as elongated magnetic dipoles that align with the applied mag-
netic field. Turning off the field results in the facile disassembly of the aggregates,
allowing for the possibility of reassembly under different conditions. This character-
istic will also allow for breakup of the filaments and self-regulation of the walking
speed depending on the frequency and strength of the field. This contrasts with re-
cent designs of microscopic swimmers where strings of beads have been held together
by irreversible DNA linkages[?, ?].
Time, Velocity)
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Figure 20-1: (a) The geometry of "surface walkers". Each chain is composed of
superparamagnetic beads that move according to the dynamics of the magnetic field
B which induces a magnetic moment m in each bead. In particular, we focus on
rotation along the x-z plane at a frequency v. (b) Top: the aggregate moves along
the surface in both experiment (frames taken 16 ms apart in a 5 Hz rotating field,
scale bar is 5pm) and simulation upon confinement at the surface. Bottom: when
the field rotation is raised to 7 Hz, the rotors fragment periodically. Notice that the
agreement is excellent between both experiments and theory, even in the shape of the
fragmented aggregates.
Upon rotation of the field, the assembled chains become pm-sized rotors. Fig-
ure 20.2.1a shows a schematic of the system. The chain cohesion and rotation speed
can be simply controlled by the strength B and frequency of rotation v of the mag-
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netic field respectively. In particular, we will only consider a field that rotates at a
constant frequency in the x-z plane, but other protocols are equally feasible.
In order to induce motion, we require asymmetry since simple rotors do not un-
dergo translational motion when they rotate in the bulk. One attractive scheme that
has gained considerable interest lately is to use surfaces to locally hinder the mobil-
ities of particles near the surface [18]. Very recently this approach has been used to
move in a controlled fashion irreversibly-bound dimers [19], as well as slightly longer
chains on paramagnetic substrates to enhance friction [20]. A simple way to under-
stand this concept is to think of the lower bead (the one closest to the surface) as
a hinge on which the rest of the chain rotates. This is an oversimplification because
friction near the surface remains finite and the bead is allowed to move, but it conveys
the essential concept underlying the coupling of rotational motion and translational
motion near a surface [21, 22]. In this article we exploit this mechanism to rectify the
motion of the chains, converting them into surface walkers. Furthermore, by utilizing
a large number of these surface walkers we are capable of moving objects in a very
precise manner over large distances. To keep the beads near the surface we make
use of gravity, however other methods like electric fields, magnetic fields or chemical
gradients are equally applicable.
The behavior of the self-assembled rotors was investigated using simulation, theory
and experiment, all of which are described in detail in the appendix sections. Fig-
ure 20.2.1b shows a series of snapshots of a typical rotor over time for two different
rotation frequencies at a fixed magnetic field strength. We note that both experi-
ment and simulation are presented and exhibit excellent agreement, demonstrating
the accuracy of our theoretical approach which is free of adjustable parameters. At
low frequencies (upper sequences) the chain simply follows the field and exhibits
small deformation. However, if the frequency is high enough the drag force acting on
the beads surpasses the magnetic force holding the chain together. This induces a
fragmentation transition (lower sequences) [23]. In simple terms, fragmentation can
be understood by noting that the drag force experienced by the beads scales linearly
with the rotational velocity, and hence it scales linearly with the frequency v at which
the chains rotate. On the other hand, the maximum torque applied to the system
is independent of the frequency and only depends on the magnitude of the mag-
netic field and the size of the aggregate, which are both assumed to remain constant.
Thus, above some critical fragmentation frequency vc the drag force will overcome
the cohesive forces and chain breakup will occur. We will make this argument more
quantitative in the following section. The typical sequence of events upon exceeding
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v, is that the system initially breaks in half, and as the frequency is increased even
further the system breaks into 3 fragments, then 4, and so forth. This mechanism
has a strong effect on the translational velocity of the rotor, which is clearly shown in
Figure 20.2.1a where we plot the average translational velocity of the center of mass of
the rotors versus frequency. Each trace corresponds to chains with different numbers
of beads. Note the two regimes: a linear regime at low frequencies where the velocity
increases linearly with the frequency, and a fragmentation regime that appears as
a sudden dip in velocity above ve. The strong reduction in translational velocity is
due to the break-up of the chain into n fragments. Also plotted in Figure 20.2.1a is
the data taken from computer simulations corresponding to our experimental setup
(open symbols). Again, we find excellent agreement despite the fact that there are
no adjustable parameters in the simulation.
20.2.2 Characterization of rotor velocity and fragmentation
Upon initial observation, it is apparent that these rotors display predictable and con-
trollable behavior in the linear ("low" frequency) regime. Furthermore, the velocity-
frequency response as a function of chain length is similarly well-behaved, as shown
in Figure 20.2.1b. In this plot we show the velocity as a function of chain length at a
fixed frequency (in this case 10 Hz). To further understand this system, we analyze
the hydrodynamic forces acting on a rotor in the presence of a no-slip wall, such as
the one depicted in the inset of Fig 20.2.1b. We assume that the forces acting on each
bead are perpendicular to the axis of the filament and proportional to the distance
from the center of mass to ensure that the angular velocity of each of the beads is the
same. The force along the parallel direction does not lead to motion and is neglected.
Furthermore, we include all terms due to the images as originally introduced by Blake
[18] to account for the no-slip boundary condition at the surface (for a complete de-
scription of the image system see [24]). In fact, it is these images that are responsible
for the movement of the chains since they emulate the effect of the wall. The image
forces in our case are analogous to the image charges in electrostatics used to solve
for the electric field near a boundary, but are more complicated in our case. The final
form of the velocity of a single rotating chain near a wall can then be shown to scale
as (see the appendix for a detailed derivation):
vN 2a2
h_, ~ vaN (20.1)
h
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Figure 20-2: (a) Graph of average translational chain velocity, v1, versus frequency,
y as a function of the number of beads. Both experimental (filled symbols) and
simulation (open symbols) results are shown. Lines between simulation points are
a guide to the eye. At high vi both the experimental and simulation data suddenly
decay to a low-velocity regime due to the onset of chain breakup. (b) Graph of the
velocity at yi = 10Hz versus the number of beads in the chain from experiments (filled
symbols), simulation (open, black symbols), and the analytical equation derived in
the Supporting Information (red dashed line). The data quickly approaches the linear
regime predicted by the long-chain limit of the analytical equation (equation 20.1) as
demonstrated by the fit line shown. The schematic shown in the inset is a diagram of
the geometric variables used in this paper: a is the bead radius, h is the rotor height
(measured from the surface), N is the number of beads, and v2 is the translational
velocity of the rotor.
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where v is the average translational velocity of a chain consisting of N beads of
radius a, v is the frequency of rotation, and h is the distance from the center of
the rotor to the surface. In order to obtain the last expression, we have made two
assumptions: a) the height of the center of mass scales with the length of the chain
which is based on the experimental and simulation results, and b) we approximate the
chain as a dumbbell with each bell consisting on N/2 beads, and the distance between
bells is also proportional to N. The latter approximation is confirmed by calculating
analytically the velocity of a chain of N beads and evaluating numerically the results
(see the red dashed curve in Figure 20.2.1). In the large N limit it is found that
Equation 20.1 is the correct scaling relation (see appendix sections). Our simulation
data closely follows the linear relationship between y and v (as presented before),
and quickly converges to the linear relationship between v and N as described by
Equation 20.1, which also demonstrates the symmetry breaking effect of the surface
with the velocity going to zero in the limit of infinite h (bulk regime).
To further characterize the fragmentation transition (the "high" frequency regime),
we introduce a quantity that tracks the average number of chain fragments (n) =
as a function of v and B, as shown in Figure 20.2.2a for a typical 10-bead
system. As the field strength is lowered or the frequency increased, the number of
breaking fragments increases. Remarkably, this fragmentation behavior is universally
scalable for all chain lengths and field strengths through the simple relationship:
B 2  (20.2)
as shown in Figure 20.2.2b . Equation 20.2 corresponds to an effective Mason number
for our system that simply compares the maximum magnetic torque that can be
applied to the system rB = m x B ~ NB 2 to the torque due to the hydrodynamic drag
forces -rF ~ vqa3 N 3 (see appendix for more details). When this ratio becomes of order
unity, i.e. rBIrF ~ 1, we expect the system to undergo a fragmentation transition,
which also defines the critical frequency vc.
20.2.3 Controlled surface-induced flows and transport using
ensembles of rotors
In what follows we turn our attention to a collection of chains. This case is non-
trivial since the system is polydisperse; however, we assume the properties are well-
described by the average chain size, a value that we expect to be strongly correlated
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Figure 20-3: (a) The time-average number of chain fragments (n) versus magnetic
field rotation frequency v as a function of magnetic field strength for a N = 10 bead
chain. At higher B values, the v required to break the chain becomes larger. (b)
Simulations of chains of N = 7 - 10 at B = 3 - 7mT as a function of the rescaled
frequency v 2 . This interplay between the magnetic and frictional forces is well
described by the scaling law in equation 20.2 by observing that all the data collapses
to a master curve. Conditions plotted are: N = 10, B = 7mT(O), N = 9, B = 5mT (A),
N = 8, B = 3mT (o), N = 8, B = 7mT(*), N = 10, B = 3mT (0), N = 9, B = 3mT(*),
N = 8,B = 5mT (A), N = 7, B = 3mT (0), N = 10, B = 5mT(*), N = 9, B = 7mT(*).
to the magnetic field strength. The velocity profile surrounding a single chain can be
extracted from the simulations by noting that the velocity at an arbitrary point ri
472
can be evaluated as [25]
N
v(ri) = pij(ri, rj)F3 (ry) (20.3)
where p1i corresponds in our case to the Blake tensor, and Fj(r') represents the force
on bead j which is located at ry. A typical average velocity profile (per cycle) around
a chain is shown in the contour plots of Fig. 20.2.3.
From the single chain velocity profile we can calculate the average flow profile
along the z-axis for a collection of chains that are homogeneously distributed in the
plane. This is done by integrating the velocity at a given height z above the surface
as
vX(z) = Ps f vX(x, y, Z)dxdy = ps3(z) (20.4)
where ps corresponds to the surface density of chains and is assumed to be homoge-
neous, and the function 3(z) = f vx(x,y, z)dxdy simply corresponds to the integral
of the single chain velocity field vx along a given z plane. The function 3(z) depends
on the number of beads N and the height h at which the chain is rotating. From
the experiments and simulations the latter has been observed to be approximately
half the length of the rotor (i.e. h = Na), and this is the value we use here. The
function #(z) calculated from the simulation is displayed in Figure 20.2.3a as the
dashed black curve(upper and left axis). For clarity, we have normalized the data
with the maximum value of the flow, namely /ma. This allows us to also present an
analytical formula for this profile that can be derived directly from the model used to
solve for the walking velocity (see appendix for the derivation). The analytical form
of 3(z) for the geometry in our simulations is given by
7ruz3 (1-z z < h
2h2#(Z) = ry Vh - 4h2z + 6hz2 - 3Z3 +h) h < z < 2h (20.5)
[7ruh3 ='&,ax z > 2h
which is also plotted in Figure 20.2.3a (solid blue curve). Notice the excellent agree-
ment between the simulation and analytical equation, which are essentially indistin-
guishable above z = h. One can see from both of these curves that there is considerable
fluid flow in the direction of chain motion, and that it closely resembles a plug flow
profile above the rotors, similar to the case of electroosmosis [14, 15, 30]. Also, no-
tice that the value of the maximum velocity is p, ~ vh 3 ~ p,v(aN)3 , implying that
the flow can be strongly affected by changing the effective (or average) length of the
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Figure 20-4: The logarithmic intensity of the x-direction of the velocity field immedi-
ately surrounding a single 7-bead rotating chain (measured from the chain center of
mass), in both the x-z (a) and x-y (b) planes (geometry shown in the cartoon in the
upper right corners). We also plot on the x-z plane the function 3 (normalized by
3m.) as a function of z, which is proportional to the mean velocity profile of a col-
lection of rotors as represented in Equation 20.5. Both the simulation (black dashed)
and analytical (blue solid) results for 3 are shown with the arrows representing the
direction of the flow. Both profiles are indistinguishable above z = h. We note that
3 tends towards zero near the surface, due to the no-slip condition, and resembles a
plug flow profile. The gray area in (a) represents flow that opposes the predominating
flow direction and cannot be plotted in the logarithmic scale.
chains, and thus can be modified by simply changing the strength of the magnetic
field. The numerical value of the #ma in the simulations is slightly larger than the
one calculated analytically, but they both show the same behavior as a function of
N, as shown in Figure 20.3.6, in the appendix.
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rz/(2h)
To probe the effect of this surface-induced current on larger objects, we placed
fluorescently labeled vesicles filled with a heavier liquid (so that they would sediment
on the surface) in a solution containing the superparamagnetic beads. By applying
the rotating magnetic field at 32 Hz we observed that the large vesicles moved with
the rotating chains at a velocity ~ 10pm/s, as shown in the snapshots (Figure 20.2.3).
Comparing our calculations to the experiments, we estimate the surface density of
rotors to be of the order of p, ~ 10-2fm-2 being driven at ~30Hz. At this particular
frequency, we expect all the chains to be highly fragmented given that the field was
kept below 10mT. Using our result for the 2 bead case for 3,, and multiplying by
p, we find the velocity above the surface to be approximately 10pm/s, which is on
the right order of magnitude observed in the experiment.
The motion of the vesicles could be extremely well controlled. In particular, we
note that the vesicle motion responds almost immediately to both the initiation and
cessation of the field rotation in either direction, allowing for precise manipulation
of the vesicle position. This suggests that both the magnitude and the direction
of the flow is also precisely manipulated. In the present work we only considered
rotation along a given plane, but extrapolation of this effect to incorporate full 2D
control of the system would be trivial upon addition of one extra pair of coils along
the remaining perpendicular plane. Furthermore, it is possible to envision that small
spatial gradients in the magnetic field, that do not induce considerable motion by
themselves, could be used to create gradients in the lateral velocity field. This can
be achieved by exploiting the fragmentation instability. As just shown before, the
average number of segments in a chain, and thus the overall velocity of the fluid
vary considerably if one changes the frequency and magnitude of the magnetic field.
Hence, if one imposes a small gradient on the magnitude of the magnetic field along
(for example) the y direction, with the field rotating on the x-z plane, it is possible to
create shear velocity gradients along the y direction by exploiting the fragmentation
instability. The high velocity region would correspond to the region of higher field
and the lower velocities will occur in the lower field region where presumably the
fragments size is much smaller. Finally, it is important to mention that our system is
very simple and only requires a pair of Helmholtz coils and superparamagnetic beads,
both of which are cheap and commercially available.
In summary, we have developed a system to create controllable surface-induced
flows based on the completely reversible self-assembly of superparamagnetic particles.
This method does not require complex fabrication techniques, and is well-controlled
by the facile manipulation of an external magnetic field. We envision that such precise
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Figure 20-5: The presence of a velocity field created by the rotors enables the trans-
port of large, dispersed objects like the vesicles in this figure (large dark circle). The
flow is created by a carpet of surface walkers randomly positioned (bright short chain-
like regions) actuated at 32Hz. The snapshots are taken from the top, as indicated
in the cartoon. The scale bar represents 20ptm, and the time between frames is 0.5s.
control of fluids will be of particular use in the emerging field of nano- and micro-
fluidic devices, providing the ability to drive the motion of dispersed particles such
as vesicles (as in our work), droplets, or even biological cells. The strong response of
the chain fragmentation behavior to the strength of a magnetic field adds a further
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dimension of control to this system. Due to this effect, an improved experimental
setup allowing for small B gradients in the proximity of this fragmentation transition,
together with a particle tracking and feedback mechanism, could in principle allow for
a complete control of a number of different entities simultaneously. Such control could
be used to probe local environments at interfaces such as those occuring in cell-cell
interactions [26, 27]. It can also be employed to study complex flow dynamics and
hydrodynamically mediated synchronization [28]. In fact, the proposed setup is much
more versatile than current methods that rely on complex flow geometries inherent
in the device itself or on specific characteristics of the particles to be transported.
From the more fundamental perspective, the use of the hydrodynamic no-slip
condition at a surface to generate assymetry is a novel approach to create surface-
induced currents to be studied in future works. We expect this mechanism to be
critical in biological systems, where surfaces represent a major motif. Furthermore,
our approach could be extrapolated to anologous cases in different environments where
instead of using the gravitational force to confine the rotors to the surface, one could
use electric fields or chemical interactions. Finally, the reversible assembly adds
dimension to the behavior of "swimming" or "walking" aggregates, which typically
are held together through irreversible DNA tethers.
20.3 Appendix
20.3.1 Experimental Setup
The magnetic field is created using a pair of Helmholtz coils, each with 300 windings
at a radius of 45mm (see Figure 20.3.1). To induce a rotating magnetic field we use
a 7r/2 phase-shifted sinusodial signal for each coil. The signal was amplified by a
low frequency amplifier to gain an electric current of adequate strength to achieve
a maximum magnetic field of 10mT. The frequency could be varied between 5 and
1000Hz.
The sample is enclosed by the Helmholtz coils and is mounted on an inverted
fluorescent microscope equipped with phase contrast (Zeiss, Axiovert 200M). The
microscope can be tilted by 90 degrees and therefore samples can be observed from
the side (as in Figure 20.3.1b).
Magnetic beads were purchased by Invitrogen (Dynabeads MyOne Carboxylic
Acid) in aqueous solution.
The phospholipid vesicles were prepared by electroswelling [29]. In all experiments
477
we used the lipid 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC, Avanti Polar
Lipids) without further purification. We added a small amount (0.1% wt/wt) of the
fluorescently labeled lipid, Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Texas Red DHPE, Invitrogen) to the DOPC lipid. The vesicles were swollen in a
200mM sucrose solution and injected into an isoosmotic glucose filled chamber for the
experiments. Due to the slightly higher density of sucrose, the vesicles settle down
on the bottom of the sample chamber.
Figure 20-6: A figure demonstrating the experimental setup used to probe the behav-
ior of superparamagnetic colloids. Phase-shifted sinusoidal currents Ix and Iz impart
a rotating magnetic field at the center of the coils. Not shown is a viewing window
through the coils where they intersect to allow for sideways viewing of the rotors.
20.3.2 Materials
Magnetic beads were purchased by Invitrogen (Dynabeads MyOne Carboxylic Acid)
in aqueous solution. The phospholipid vesicles were prepared by electroswelling
[29]. In all experiments we used the lipid 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
(DOPC, Avanti Polar Lipids) without further purification. We added a small amount
(0.1% wt/wt) of the fluorescently labeled lipid, Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (Texas Red DHPE, Invitrogen) to the DOPC lipid.
The vesicles were swollen in a 200mM sucrose solution and injected into an isoos-
motic glucose filled chamber for the experiments. Due to the slightly higher density
of sucrose, the vesicles settle down on the bottom of the sample chamber.
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20.3.3 Computer Simulations
Our system consists of N superparamagnetic beads of radius a, which interact through
a potential U. The dynamics of each bead can be modeled using the Langevin equa-
tion:
N
t= ( - Vr U(t) + Vrj -Dij) +( (t) (20.6)
where pij is the mobility matrix, Dij is the diffusion tensor defined as Dig = kBTIgij and
(i(t) is a random force that satisfies ( j(t)( 3(t')) = 2kbTpijo(t-t'). In our simulations,
pgj accounts for the hydrodynamic interactions between the beads, and is given by a
generalization of the Blake tensor [18] that incorporates the finite size of the beads.
One can simply say it corresponds to a Rotne-Prager-Blake tensor [30, 31]. For the
present article we do not include the random noise term &(t) since the magnetic forces
dominate the dynamics, as is shown below, and in accordance with the experimental
results.
The conserved force on the beads, F = -VrjU(t), is given by four contributions:
the excluded volume interactions between two beads F, the boundary repulsion be-
tween the wall and beads F., the gravitational force F., and the magnetic dipole-
dipole force FB that is induced when the field is applied. The excluded volume
potential is simply:
Ub(r) = r i 2a (20.7)
0 r > 2a
where a is the radius of a particle and r is the distance between the beads. For
computational convenience, this potential is approximated by a modified Lennard-
Jones potential that has a corresponding force given by:
Fb(r) = r2 [(2) (r2)1 (20.8)
with o = 0.1a. The strength of the force is governed by c that was chosen to be
0.02kbT to render the attraction term negligible. The repulsive force between the
wall and the beads, which only acts on the z direction is given by a similar potential:
U.(rz) = rz a (20.9)
0 rz > a
where rz, is the distance from the wall to the center of the beads. This potential is
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also approximated by a modified Lennard Jones potential, with a corresponding force
of the form:
rz a [(rz- a) rz - a
All other parameters are the same as above.
The applied magnetic field on the superparamagnetic particle induces a magnetic
dipole moment on each of the beads. Since the field is relatively small, we are in
the linear regime and thus can assume that the magnetic moment m is both in the
direction of and proportional to the applied field. Also, the induction time is much
smaller that the typical rotation time of the aggregate, so that the process is taken
to be instantaneous. The moment is calculated using the relationship:
m = B (20.11)
where yo is the magnetic permittivity, V = 4xra3 f = 0.42pm3 is the effective volume
of the paramagnetic bead (f = 0.1 is the fraction of the actual bead that is param-
agnetic and a = 1pm is the bead radius), and AX = 0.7 is the magnetic susceptibility
difference between the bead and the medium (water). The values given here are those
used in the simulation, and correspond to the values quoted by Invitrogen for their
superparamagnetic beads. There is both a component of B due to the applied mag-
netic field and the dipole moments of the surrounding beads (separated by a distance
r), which is neglected in our simulations. Since the magnetic field creates a moment
in the direction of the applied field, the force due to the induced dipole, FB, is given
by the dipole-dipole force:
.. 3po mi -rij mj -rUFL = 4r 4 ( r rn + r mi
_3po 5 (mj -rij) (mi -rij) - (mi-mj (20.12)4-xr 4  r M- j rj
where r is the distance between the center of the beads, rj is the position vector
between beads i and j, and mi and mj are the magnetic moments of beads i and
j respectively. By considering a characteristic magnetic moment mo = VMXBo and
defining a characteristic length scale equivalent to the radius of the bead a, we can
rewrite this equation in terms of dimensionless distances i = r/a and dimensionless
moments ii = m/mo:
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~; Fo rn;i .rij n rfij
T4 Ii T r i
5 (rij - ij) (fii -fij) -( r) (20.13)
where the magnitude of the magnetic force can be characterized by a single parameter
FO = -(afAXB) 2 , which comes from the substitution of equation 4 into equation
5. For the experimental conditions, one finds FO ~ 100kbT/a, which implies that the
fluctuation term is negligible, as mentioned before.
Finally, the gravitational force due (at the Earth's surface) is simply F,(z) =
-ApVg, where we have used the gravitational acceleration is g = 9.8m/s 2 , the differ-
ence between the bead and water densities is Ap = 0.8g/cm 3 , and the bead volume is
V = 47ra 3 /3.
The final form of the Langevin equation for a given bead is written in dimensionless
form with r = r/a and t = t/T where r = a2/(,okBT) is the characteristic diffusion
time:
fi(i+ At) = fi(i) + Ai(pi - (Nj , + Nj,, + Fj,B + Tj,g)) (20.14)
For a given set of conditions, the simulation is run with a time step At = 0.001 for
1 x 107 iterations (or more than 10 full rotations of the magnetic field).
20.3.4 Walking Velocity of a Single Rotor
We can analytically solve for the walking velocity of a single rotor by calculating the
effect that the surface has on the beads using some assumptions on the nature of the
forces. To do this, we start by considering the flow profile due to a point force in the
presence of a infinite wall. This profile can be calculated directly as
vi = pijFj (20.15)
where pig is Blake's mobility tensor [24]. In the case of unbounded flow, Blake's tensor
simplifies to the well known Oseen tensor:
1
plij = - (14 -t fi) (20.16)87ryr
where rig is the vector from a point force at j to another point i with magnitude rij
and a direction given by the unit vector ig and q is the viscosity of the solvent. Due to
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symmetry, one does not expect any motion in the bulk . However, in the presence of a
wall the additional terms in the mobility tensor, which actually correspond to image
forces that enforce a zero velocity at the surface v(z = 0) = 0, create contributions that
lead to a gradient in the self-mobilities and more. In what follows we will analytically
show how one can obtain Eq. 19-1.
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Figure 20-7: (a) Schematic describing the geometry of a hydrodynamic dipole (N =
2). The no-slip boundary condition at the surface is imposed upon the addition of
the image chain (dashed beads) plus other images (not shown in this diagram), whose
hydrodynamic effect on the real rotor is what drives the translational motion. The
geometry of the chain is characterized by the bead radius a, the height of the rotor
h, and the angle of the dipole from the vertical axis 0. The equations relating to this
geometry can be generalized to describe the behavior of chains with N > 2, such as in
(b). Here, there are two dipoles with different distances from the center of the rotor
(k = 1, 2) with two image chains (j = 1, 2) (other images not shown). The interactions
of the image dipoles with the real dipoles become more complicated, as each image
affects each real dipole.
We will first consider a dumbbell rotor consisting of two beads each of radius a,
at a height of h above the wall. To obtain rotational movement, we impose a force
F on each of the beads perpendicular to the axis of the dumbbell, and calculate the
effect of the image force acting on it as a function of 9 . The axis is then rotated
through the angle 9 and the overall velocity can then be calculated by integration.
For a sketch of this system, see Fig. 20.3.4. The velocity of the walker as a function
of 0 is given by
v(0) = - -3 Cos 0 13sin2 (20.17)87r?7 4 L T A, 2 115/2
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where we introduce the functions A_ = h - a cos 0, A, = h+a cos 9, and r = h2+a 2 sin 2 9.
The average velocity is then the average of v2 over one cycle, i.e v2 = (1/27r) f v2(9)dO.
Before integrating, we can extract the height h from the denominator. Furthermore,
if we assume that the height is proportional to the length of the chain (consistent
with the experimental and simulation observations), we can write
F
v = f(0). (20.18)
87rgqh
We now recall that F = 6-rxva2 to obtain for a dumbbell walker vX ~ va2 /h. This form
is similar to equation 1. To include N beads, one can substitute a -+ Na to obtain
eX = vN 2a2  (20.19)
h
which is exactly Equation 1.
To corroborate that the last expression is the correct limiting behavior, we cal-
culate the walking velocity of an chain consisting of N(even) rotors. To describe
the entire assembly we note that the chain is simply a sequence of dipole (two-bead)
rotors that exists at increasing distance from the center of mass. We generalize Equa-
tion 20.17 to consider the effect of an image dipole of radius dk = a(2k+ 1) (where k is
an integer index that describes the dipole rotor of interest) on a real dipole of radius
di = a(21 + 1) (again, 1 is an integer index similar to k). We indicate this geometry
in Figure 20.3.4b. In determining the overall effect, we must sum over both k and 1
to account for all the dipole rotor to dipole rotor interactions. We also note that the
force F now depends on k, since F = 67rv7adk which is the drag force on the beads
as a result of an applied frequency v. To present a simplified general equation, we
define the following functions:
Ai dk-d i=odd (20.20)
dk+d i=even
mi = +1 i 2 (20.21)
-1 i>2
ai = 2h + mjdj.1 cos 0 (20.22)
# = a? + A? sin 2 9 (20.23)
Ai = h + midk cos 0 (20.24)
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(h + d, cos 0)(h + dkcos9) i=1
(h-dicos0)(h+dkcos0) i=2
;= -(20.25)
(h - di cos 0)(h - d cos0) i = 3
(h + d, cos 0)(h - dk cos0) i = 4
The force along the x-axis due to the hydrodynamic interactions on a dipole of ar-
bitrary radius d, due to another dipole with the same center of mass with arbitrary
radius dk is: [ S 4 3A ? sin 20 -#' _ A ? sin 20 + Qi, 4 a - A 7 a
fx,kl ~7ua2d k cos 2mi /s2 //s2  - sin2 2EA + 0i3/2/2
(20.26)
Finally, the total translational velocity of a rotor consisting of an arbitrary number of
beads N is given by the summation of all the forces over all dipole rotors multiplied
by -the mobility of the assembly ( 1/(qNa):
1 N/2N/2
v i ~ Na fS , k (20.27)
77Na 1=0 k=
where we sum to N/2 since each Vx,ki corresponds to two beads of the chain.
The resulting v2 is a function of 0 and the analytical version given above can be
compared to the velocity of the rotor center of mass, which is shown in Figure 20.3.4.
Excellent agreement between the two results is apparent, with minor differences likely
as a result of the different mobility tensors used in the above analysis versus the
simulations. For this comparison we have fitted the velocity at one point for the N =
10 beads to obtain the prefactor and used this throughout all the other calculations.
Finally, the average velocity of a long rotor can be obtained by performing the
integration of v2 over a single rotation:
{ I2) = - vXd (20.28)
This was performed numerically and the result is plotted in Figure 20.3.4b. Notice
that this result matches well with the simulation results despite all the approximations
involved. We can directly verify that the velocity is proportional to N graphically,
by plotting its behavior. The result is shown in Figure 20.3.4b which clearly shows
that v2 ~ N, and thus v2 ~ avN, further corroborating the validity of Equation 19-1
in the text.
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Figure 20-8: (a) The analytical and simulation results describing the angular depen-
dence on the rotor's translational velocity v, as a function of the number of beads in
the chain N. Notice that both results are in good agreement. (b) Upon integration
of curves such as those in (a), we can obtain the analytical result for the translational
velocity of a rotor with an arbitrary number of beads. Results for 2-100 beads are
plotted to demonstrate that the linear relationship between v, and the number of
beads is realized for large rotors. The black points are the analytical results, and the
red line is a straight line meant to guide the eye and demonstrates the agreement
with a linear relationship.
20.3.5 Scaling relationship for chain fragmentation
The breakup (or fragmentation) of the paramagnetic chains is a result of the conflict-
ing magnetic and frictional forces on the beads. We can describe the torque associated
with both processes with simple scaling arguments. The torque input into the system
due to the magnetic field is described by the relationship:
TB = m x B ~ mB (20.29)
Since the value of the magnetic dipole m is linearly proportional to the number of
beads N and the magnitude of the applied magnetic field B, the torque associated
with the magnetic field is:
rB -NB2 (20.30)
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The frictional torque rFassociated with a single bead i is given by the moment arm
di, the velocity vi and the viscosity . The relationship is:
TrF,i -divj7T/ vdrj (20.31)
where vi is replaced by vdi on the far right expression. This expression can be
integrated over the length of the chain arm to yield the overall torque:
TF ~f ud ."(di) vN'77  (20.32)0
Fragmentation occurs when the frictional torque overcomes the magnetic torque. A
characteristic frequency ve can be defined by the point at which rFIrB is on the order
of unity:
VC B 2  (20.33)
which is the scaling relationship described above.
20.3.6 Velocity Profile of a Single Rotor
We can calculate the simulated hydrodynamic field at a given point in space from
the simulation using the appropriate mobility tensors[25]. In particular, we use a
modified Blake's tensor 1 ig that accounts for the finite size of our beads [18]. The
velocity field at point ri due to a collection of beads j on which a force F, acts is
then given by[25]:
N
v(ri) = Z piy (ri, ry)Fj(rj) (20.34)
To calculate the contour plots in Figure 4, we simply take the time average of the
x-component of this velocity at a given point over one period , (v2)t.
In order to check that our results are correct, we compare the velocity along the
x direction as a function of the distance from the chain. In the far field, this system
should decay proportional to 1/r.[24]. Figure 20.3.6 shows the velocity profile along
the x-axis, which follows the expected decay.
S.6 Velocity Profile of an Ensemble of Rotors
As a first approximation, the velocity field produced by a set of rotors can be treated
by the replacement of discrete rotors by an average area-density of rotors ps. If the
system is sufficiently homogeneous, one can show that the overall velocity can be
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Figure 20-9: The plot of the flow profile of multi-bead rotors at a frequency of 18.5
Hz taken from simulation data. The y-axis is the natural log of the velocity in the
x-direction and the x-axis is the natural log of the radial distance along the x-axis.
The dotted lines are taken from[24] using parameters in the simulation for various
rotor lengths.
simply computed as
v(z) = ps#(z). (20.35)
The function 3(z) corresponds to the integral of the single chain velocity field v,
along a given z plane, namely
O(z) = v2(x, y, z)dxdy. (20.36)
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This approximation is typical of a classical mean-field velocity approximation. A
simple way to see how this works out is to consider the rotors on a square lattice
with lattice constant 1. In this case the density is simply ps = 1/12. If we approximate
the velocity within one of the lattice squares by the average (mean) velocity in this
square, we arrive at the formula given above. This result is thus valid if we can assume
that the distribution of rotors is sufficiently homogeneous. Alternatively, we could
take the approach of Kim and Netz[30], who derived the expression above for the
area-averaged Blake mobility tensor (pi3 ) describing the effect of a spatially-averaged
force distribution on the average velocity at a given height z. This approximation
effectively smears the spatial distribution of rotors (as we assumed before) such that
the point-forces on the rotors are homogeneously redistributed to act on a horizontal
plane of fluid. The velocity is then given by:
v2(z) = PS f dzjfpi,(zi, zj)F2(zj)/a (20.37)
where psFx(z)/a is the laterally averaged force density applied at height z and jiig
has the form:
Ait (zi, z) = Zj/' zi > (20.38)
Izi/ zi < zi
Both approaches yield the same result, though the former requires prohibitively large
spatial averaging to yield the latter, which is the asymptotic limit. The latter function
is evaluated directly from the simulations and is plotted in Figure 4 for a walker
consisting of 7 beads. The value of 3 is also a function of the number of beads in the
chain (Figure 20.3.6 plots the maximum value of 3(z). i.e. #,2 as a function of N)
and demonstrates a large increase with chain length.
The approach of Kim and Netz[30] also allows the derivation of an analytical form
for 3 as a function of the basic parameters in this system. We specifically consider
only the case where h = Na, which is the geometry present in our experiments and
simulations. In this system, if we consider a non-bending rod of length 2h as an
approximation of the discrete chain, the force density F(z)/a at a given height from
the surface z is independent of the angle of the rotor as it rotates and is given by the
equation:
F(z)/a = 67rqv(z - h) (20.39)
While the force density is independent of the angle of the rotor, the angle of the rotor
determines whether or not there is a force applied to the fluid by the rotor at a given
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Figure 20-10: The plot of #. for Y = 1.5 Hz as a function of chain length as measured
from simulation data (black) and calculated from the analytical calculation.
height z. For example, if the rotor is fully orthogonal to the surface, the rotor imparts
a force at every z between z = 0 and z = 2h; however, it only feels this force for an
infinitely small time. As soon as the angle of rotation changes, the rod no longer
imparts a force corresponding to the z = 0 and z = 2h extremes. In contrast, the
heights close to the center of the rotor at z = h almost always feels a force (though
not directly at z = h, since there is no rotational force there). We can thus multiply
F(z)/a by a fraction f(z) that represents the portion of time during rotation that a
force is being applied to a given height z with respect to the surface. The final form
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of f(z) is:
0 z > 2h
f(z) = 2arccos (z-) 2h > z > h (20.40)
2 arccos(-) h > z >0
Unfortunately, the arccosine function is inconvenient to integrate and ultimately
yields a very complicated result for 3(z). To simplify both the integration and the
final form of 3(z), we approximate f(z) as:
(2h-z) 2h> z> hfz = h (20.41)( ) h>z>0
We note that this approximation underestimates the amount of force that the rotor
imparts upon the surrounding fluid by a small amount, however still retains the limits
of 0 at z = 0, 2h and 1 at z = h. These functions can then be integrated with the
averaged mobility tensor pij(zi, zj) to obtain 3(z):
#(z) = f dzyp (z, z T)F2(zj)f(zj)/a (20.42)
The evaluation of this integral results in Equation 6 of the main paper:
7ru/z3 (1-L) z < h2zh
#(z) = 7rV (h3- 4h2z+6hz2 - 3z 3 + L h < z < 2h (20.43)
ry3 z > 2h
To highlight the similarity of the form of this analytical result to the profile obtained
from the simulation data, we plotted the normalized #(z)/#max in Figure 19-4a. The
analytical solution is lower in value than the simulations, as shown in Figure 20.3.6,
however this is expected due to the significant approximations made in the derivation
of the above equation (the flexible bead chain is replaced by a rigid rod, and the
form of f(z) is simplified). Finally, these results are used to estimate the order of
magnitude expected for the corresponding experimental realization, and seem to agree
well with the experiments.
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Here it comes another lonely day, playing the game.
I'll sail away on a voyage of no return to see
If eternal life is meant to be,
And if I find a key, to the eternal dream.
And I will stay. I'll not be back, El Dorado, I will be free of the world.
-Jeff Lynne
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